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Phenylethynyl terminated imides (PETI) are high temperature, high performance
matrix resins that can be processed into composites by various methods including resin
transfer molding (RTM) arid vacuum assisted resin transfer molding (VARTM). PETI
resins have experienced extremely rapid development in recent years, with major
emphasis placed on engineering applications that take advantage of their high cured TgS,
high thermooxidative stability, high strength to weight ratio, outstanding mechanical
properties, and compatibility with RTM and VARTM processing. In recent years the
addition of nanoparticles to resin systems has been shown to further enhance the
mechanical properties and thermooxidative stability. In this study, we incorporated
nanoporous aluminosilicate materials, otherwise known as zeolites, into PETI resin
GRC-A, and investigated the effect the zeolites have on the viscosity, cure kinetics,
thermooxidative stability and other thermomechanical properties of GRC-A.
1
Rheological and differential scanning calorimetry studies conducted on the
GRC-Alzeolite mixtures showed that zeolite L acts like a filler and retards the curing of
the phenylethynyl end-groups, while zeolite Y catalyzes the curing process.
Additionally, cure kinetic studies via melt rheology and DSC confirmed that the
activation energies for GRC-A/zeolite Y mixtures as lower than for neat GRC-A and
GRC-A/zeolite L mixtures, further supporting zeolite L acts as a filler while zeolite Y
serves as a catalyst during the cure process. While the cured Tgs, from the DMA and
TMA studies showed that in spite of the catalytic properties of zeolite Y; it did not
afford additional properties over GRC-A and zeolite L mixtures. However, the
catalytic properties of zeolite Y allows PETI resins to be cured at a lower temperatures,
which could lead to lower energy costs in the production of composite parts from PETI
resins.
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Thermally stable, high performance resins are desirable for use in composite
structures such as supersonic aircraft and reusable launch vehicles. Aromatic polyimides,
prepared from dianhydrides and diamines have been accepted as high performance resins
based on their excellent thermal, mechanical, and chemical properties, which makes them
very good candidates for aerospace applications. 1-3 However, these materials are difficult
to process into composites via compression molding, resin transfer molding (RTM), or
vacuum-assisted resin transfer molding (VARTM), due to their high melt viscosities.4’
The introduction of the phenylethynyl group, as an end-capping agent in low molecular
imide oligomers has been used to prepare resins with low melt viscosity which can be
melt processed and then cured into high temperature polyimides.6’°
Aromatic polyimides prepared from the phenylethynyl terminated imide (PETI) resins
exhibit many advantages; including processability and good material properties upon
curing.”’5 Phenylethynyl end groups are thermally unreactive up to 300 °C, giving a
wide processing window. They also support product formation without volatile evolution
that yield high molecular weight polyimides which exhibit good fracture tougnhess, high
glass transition temperatures (Tgs), modulus, and excellent thermooxidative stability.’6’9
Zeolites are microporous, crystalline aluminosilicates with intriguing properties,
1
‘7
including: catalytic activity, ion-exchange capability, adsorption capacity, and shape
selectivity.20 Many zeolites occur naturally as minerals and are extensively mined in
many parts of the world. Others are synthetic, and are manufactured for specific uses.
The specific pore size of zeolites can act as molecular sieves and adsorb molecules which
can fit snugly inside the pores of the zeolites, while excluding molecules that are too
large. These molecular sieves, with three-dimensional framework structures, are well
entrenched in areas as diverse as water purification, laundry detergents. adsorbents, gas
separations, agriculture, horticulture, pigments, and as catalysts in oil refining and
petrochemistry.2129
The framework structures of these microporous materials have uniformly sized
pores that are of the molecular dimensions > 1 rim, with metal cations (e.g. Li, Na, K.
Ca2, Sr2) or hydroxyl protons (Hj, sitting in the channels or cavities to preserve
eletronuetrality.°32 The incorporation of these cations within the framework is
dependent on the primary building units, Si04 and A104 tetrahedrons, being connected
by sharing one oxygen atom between two tetrahedra. The Si04 tetrahedron is neutral,
however, if the silicon atom (Si4j in the framework is substituted by a cation with a
charge, typically an aluminum atom (Al), the formal charge of the tetrahedron changes
from neutral to negative one.20 The more aluminum substitutions the greater the negative
charge; thus. the greater the number of cations or hydroxyl protons required for charge
balance, resulting in the formation of weak Lewis acid sites or strong Brønsted acid sites.
However, there is evidence of the formation of strong Lewis acid sites within zeolite
structures due to extra-framework aluminum species and framework defects.3336 As a
result, both strong Lewis and Bronsted acid sites are found in the framework of zeolites.
3
It also has been reported that metal-based Lewis acids can catalyze the cyclo
trimerization or polymerization of substituted acetylenes to benzene derivatives or
polyenes, respectively.3740 In particular, Ziegler-Natta catalysts, which are titanium
based, used in combination with organoaluminum compounds, such as triethylaluminum,
A1(C2H5)3can promote the polymerization of acetylenes.4144 Additionally, metal-based
Lewis acids can catalyze Diels-Alders reactions, by lowering the energy of the lowest
unoccupied molecular orbital, LLTMO, of the dienophile, decreasing the highest occupied
molecular orbital, HOMO, LUMO energy gap. A decrease in the HOMO/LUMO energy
gap translates into faster reaction times, requiring less energy.4’
It has been shown that acetylenes can interact with Brønsted acid sites to yield
vinyl carboncations, by protonation of an acetylene it bond.24 Shchuckin and Vasilyev
demonstrated that the vinyl carboncations formed from acetylenes in the presence of
Brønsted acids and superacids react with arenes to give alkenylation products.D4
Brønsted acid-catalysts have been reported to react with acetylenes to afford bi- or tri
cycle compounds, through the formation of a vinyl carboncations.55’6It has been shown
that the addition of a small amount of a Brønsted acid to a Lewis acid assists in
accelerating Diels-Alder cycloadditions, resulting in higher product selectivity, relative to
the Lewis acid alone.7
Recently there has been considerable interest in incorporating nano scale fillers
into polymer matrix composites (PMCs) to enhance thermal and mechanical properties.8
61 Nanoscale fillers can yield dramatic changes in the properties of polymeric matrix
systems, due to their large surface area for a given volume.62 Zeolites in their pure
crystalline structures microporous (less than 2 urn) form have large surface areas that can
4
enhance their catalytic properties and subsequently effect the cure chemistry of PETI
70resins: Figure 1 gives an outline of our overall approach to this project: combimng
GRC-A resin with zeolites L and Y, resin processing. structure—property characterization
of the resulting cured composites, and study of the fundamental chemistry and cure
kinetics of the phenylethynyl end-groups upon cure in the presence of zeolites.

























2.0 General Considerations of High — Temperature Composites
Aromatic polyimides (APIs) are versatile materials, which can be utilized for a
wide range of applications, including as matrices for high-performance fiber-reinforced
composites, thin films in electronic applications, structural adhesives, sealants, and in
composite laminate structures. These materials are leading candidates for high
temperature, high performance applications in the aerospace industry, because of their
excellent thennal, mechanical, and chemical resistance properties. APIs have the
capability of performing at temperatures greater than 300 °C, along with the ability to be
fabricated without the evolution of volatiles, Figure 2.












APIs are a class of thermally stable polymers that are often prepared from
aromatic dianhydride and diamine monomers via an amide-acid precursor solution. Their
usage in aerospace applications includes fabrication into high-strength-to-weight
materials that exhibit excellent thermooxidative stability, high glass transition
temperatures, and good fracture toughness. However, their structural units, which
accounts for their thermal stability for high temperature applications are also responsible
for their inherent insolubility and infusibility during processability. Delvigs et al. and
Serafini showed that altering the chemistry of the pre-polymers of the API’ s structure can
improve their processability.646D‘While other researchers prepared low molecular weight
end-capped polyimides pre-polymers •66,67
2.1 History and Classification of Aromatic Polyimides
In the 1950’s and 1960’s DuPont developed the first commercial polyimides,
PyralinTM and Kapton-HTM (Figure 3), to be used as wire coatings and films,
respectively.68 Through modification of nylon chemistry, polyimides were produced
using a two—step process involving an aromatic diamine and dianhydride to form a
polyamic acid, then losing water to form the polyimide. Other condensation polyimides
like DuPont’s Avimid N have been used for thin films for electronic packaging, wire
insulation, and gas separator membranes, and most importantly, as a good matrix for
making polyimide-carbon fiber reinforced composites.
7
Figure 3. Two step condensation synthesis of KaptonTM.
Avimid N (Figure 4) has a Tg close to 360 °C, low weight loss, and good retention
of mechanical properties after 100 h aging in air at 371 oC7O These properties make this
condensation polyimide. upon curing, suitable for structural application at high
temperatures. However, the solvent used to prepare the impregnating solution for the
carbon-reinforced fibers is a mixture of N-methyl pyrollidone (NMP) and ethanol. NMP
has a very low vapor pressure; and intricate, time-consuming curing schedules must be
used to remove the solvent in order to produce low-void composites. Additionally, the
+









evolution of volatile reaction byproducts such as water and alcohol lead to void formation
during composite processing.71’2
+
Figure 4. The preparation of Avimid N.
Polymerization of monomer reactants (PMR) was an approach developed at
NASA Lewis (renamed Glenn) Research Center (GRC) to eliminate volatile byproducts
while improving processability, without adversely affecting their stability and high-
temperature performance.73 This approach involved a two-step process in which the
volatiles are removed in a lower temperature step (200 °C) that produces low-molecular
oligomers. PMR-15 is prepared from 3,3 ,4,4’-benzophenone tetracarboxylic acid
(BTDE), methylene dianiline (MDA) and the monoalkyl ester of 5-norbornene-2,3-
dicarboxylic acid (NE), in a low boiling solvent (typically methanol or ethanol) to yield
short chain imide oligomers with norbornyl end-groups (MW theoretical = 1500 g/mol),
Figure 5. The process yielded composites with a post cure Tg of 365 °C, good retention
of structural properties, and low weight losses in air for long exposure times (>10,000 h)
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up to 230 °C, and for shorter times at temperatures as high as 316 °C. However, the
PMR regime has some draw backs: (i) concern over the mutagenicity of MDA, and (ii)







Figure 5. The chemistry of PMR-15, and the polymerization of the nadic-end cap.63
Other norhornyl end—capped resins, such as LaRC-160 (Figure 6) and AFR-700B




















Figure 6. LaRC-160 monomers: BTDE; NE; MDA, and Jeffamine.
Figure 7. Structure of AFR-700B
N H2
Acetylene terminated imide resins, such as Thermid 600 (Figure 8), have high TgS
and good thermooxidative stability at temperatures as high as 316 °C. However, the
acetylene group in these systems polymerizes at 195 °C, which is too close to the
imidization temperature to allow for complete removal of condensation by-products.
Thus. the introduction of the phenylethynyl (PE) end-group by incorporating a second
10
better high-temperature perfonnance than PMR- 15. However, the thermal-oxidative
stability of the norborene ring is poor due to the large number of saturated carbons







phenyl ring on the acetylene end-groups resulted in an increase of the polymerization




Figure 8. Structure of Thermid 600 polyimide, Tg = 370°C.
Researchers at NASA Langley Research Center (LaRC) demonstrated that PETI
5 (MW = 5000 g/mol), a phenylethynyl (PE) terminated imide (PETI) resin (Figure 9),
exhibited low minimum melt viscosity. The PETI-5 resin, which is comprised of
symmetrical 3,3’,4,4’-biphenylene dianhydride (s-BPDA), 3,4’-bis[4-
phenylethnylphthalimido] diphenyl ether (3,4’ -ODA), 1,3 -bis(3 -aminophenoxy)benzene
(APB), and 4-phenylethynylphthalic anhydride (PEPA) was investigated as a composite
matrix and adhesive for the high speed civil transport (HSCT) program. This PETI resin
also exhibited excellent mechanical properties, excellent solvent resistance under stress,
and long term durability at 177 °C, with a Tg of 270 °C. It cross-links between 320 °C to





The chemistry and performance of PETI resins can be modified b either
changing the diamine or the dianhydride.7478 In one study, Scola et al. substituted the
linear rigid s-BPDA with two bulky fluorinated dianhydrides, 4,4’-(2,2,-triflouro-l-
phenyl(ethylidene)diphthalic (3FDA) and 4,4’ -(hexafluoroisopropylidene)diphthalic
anhydride (6FDA) dianhydride (Figure 10), and compared the reactivity and melt
viscosities of the resulting resins.7 They found the order of phenylethynyl reactivity,
based on the dianhydrides, as follows: s-BPDA>3FDA>6FDA.






Figure 10. Dianhydrides BPDA, 6FDA, and 3FDA
Ar 85% and
Figure 9. Structure of PETI 5, cured Tg = 270 °C
n
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The Molecular Orbital Package (MOPAC) was used to explain the melt viscosities by
calculating the solvent accessible surface area, molecular surface area, and solvent
excluded volume. The calculated values for s-BPDA were less than for 3FDA and
6FDA. This suggested that there may be less distance between the adjacent molecules in
s-BPDA oligomers than 3FDA and 6FDA. This was supported by the complex viscosity
data.
In other well-established PETI resin systems, such as PETI 298 and PETI 330
(Figure 11), the diamine or the dianiine ratio, or the dianhydride have been varied.’8”9’79
86 The T8 for PETI-5 was 270°C, which was too low for supporting the structure of
reusable launch vehicle. PETI 298 and PETI 330 resins, which were developed at NASA
LaRC, emerged as leading candidates for composites requiring high temperature
performance ( 288 °C for 1000 h); combined with the ability to be readily processed
into composites by RTM and VARTM.
PETI 298 exhibits a cured Tg at 298 °C while retaining a low melt viscosity. It is
formulated from s-BPiDA, l,3,-bis(3-aminophenoxy)benzene (1,3,3-APB), 3,4’-
oxydianliline (3,4’-ODA) and end-capped with PEPA, with a molecular weight of
750g/rnol.4’ The melt viscosity of PETI 298 is about 0.1—10 Pas, at 280 °C, and the
oligomer is stable for at least 1 h at this temperature.83 PETI 330, which is formulated
with asymmetrical 2,3,3 ‘,4’-biphenyltetracarboxylic dianhydride (a-BPDA) and PEPA
end-cap along with mixtures of 1,3 -bis(4-aminophenoxy)benzene (1,3 ,4-APB) and m
phenylendiamine (m —PDA), has a lower melt viscosity and higher Tg than PETI 298. It
was proposed that the highly irregular structure of this imide oligomer causes it to exhibit
lower melt viscosity than PETI 298; 0.06-0.10 Pas at 280 °C. PETI 330 has a glass
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transition temperature of 330 °C, after curing for 1-2 h at 371 °C. PETI 330 was designed
specifically for RTM processing, and has been processed to give composites, which
exhibit excellent thermal and mechanical properties. PETI 298 and 330 are
polydispersed, as shown in the GPC, Figure 12. The synthesis of polydispersed PETIs
were by design to lower the melt viscosity in order to support processability and
fabrication.’8”9



























Figure 12. GPC of four samplesPETl-298 prepared by microwave based synthetic route
(Caic. 750 g/mole)87
2.2 Processability of Polyimides
The incorporation of phenylethynyl groups made processing polyimides amenable
for RTM and VARTM.4’5 RTM and VARTM are solvent—free processes for fabricating
composite parts, making them very attractive processing methods. Typically these
processes involve the placement of a woven fiber preform or mat (i.e. carbon fiber fabric,
glass, etc.) into a mold cavity. Then molten PETI resin is subsequently injected or
infused at an elevated temperature into the mold cavity, whereby it permeates through the
woven preform. In these processes, resin flow and fiber wet-out are critical, because the
resin flows in the plane of the preform, as well as the transverse directions of the preform.
It is imperative to have good fiber wet-out, and this often depends on the architecture of
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rheological tests (temperature and time sweeps) to support fiber wet-out, and yield
composites less of voids with reliable mechanical properties.
2.3 Cure Chemistry and Products of PETI Resins
The chemistry of the phenylethynyl end-cap has been studied extensively;
however, the mechanism of cure has not been fully elucidated due to the intractability of
the cross-linked resin.8791 The chemistry of PETI resins has been proposed to include the
following: chain extension, chain branching, and cross-linking brought on by the initial
formation of polyenes, followed by Cope rearrangements and Diels-Alder intra- and
intermolecular reactions of polyenes (Figures 13 and 14).86 Studies by Amdur et al. on
the free radical polymerization of phenylaceteylenes, and by Preston et al. on the thennal
and radiation curing of the phenylethynyl-terminated oligorners suggest that the cure
reaction occurs by thermally induced free radical initiation.89’90 Once initiated, the
phenylethynyl end groups are expected to react by: ethynyl to ethynyl addition chain
reaction; or by an ethynyl to ethynyl chain extension reaction; and more complex ethynyl
to ethynyl trimerization or tetramerization reactions. Ethynyl to vinyl, and vinyl to vinyl
cross-linking and branching reactions are also very viable possibilities. Figure 13 shows
polene formation via the ethynyl-ethynyl addition chain reaction, and the formation of
cyclotriemers and cyclotetramers.
17



















Figure 14. Intra- and intermolecular interactions of the polyene structure via Cope
rearrangement (top) and Diels-Alder reactions (bottom), respectively.88
ethynyl-ethyny
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One of the first study of the cure chemistry of a phenylethynyl model compound
was carried out by Harrington et al. using high-pressure liquid chromatography
(RPLC).92 The model compound 4-phenoxy-4’-phenylethynylbenzophenone was cured at
375 °C, quenched, and a chromatogram of the sample revealed numerous distinguishable
peaks; however, attempts to characterize the fractionated peaks by mass spectroscopy
(MS) were unsuccessful. Solution ‘3C NMR for 4-phenoxy-4’-
phenylethynylbenzophenone in the uncured state and the fully cured state were obtained,
and the spectra revealed several peaks in the aromatic region but no assignments were
made (Figure 15). A follow up study by Wood et al., on this model compound used
reverse-phase liquid chromatography (LC) in combination with mass spectrometry to
identify soluble components from the cured sample.9 The combined LC/MS analysis
revealed that dimers, trimers, and possibly tetramers were formed during the initial cure.
Both Meyer and Takekoshi et al. used HPLC/MS, and reported the observation of dimers,
trimers, tetramers, and pentamers of model compounds N-[3
(phenylethynyl)phenyl]phthalimide (3 PEAIPA) and N-phenyl- [4-
(phenylethynyl)phthalimide] (PEPA/An), Figure 1
Figure 15. 4-phenoxy-4 ‘-phenylethynylbenzophenone
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3PEAIPA and PEPAIAn
Figure 16. 3PEAIPA and PEPAIAn.
Swanson et al. used solid-state ‘3C NMR to study the cure mechanism of an
ethynyl end-capped polyimides systems. They proposed that trisubstituted benzenes were
derived by cyclotrimerization, by thermal cyclization via Diels-Alder reaction, or from
biradical polyene products and condensed polycyclic aromatic structures and
alkenylarornatics.9’Meyer et al. synthesized 3PEAJPA and PEPAIAn, and attempted to
follow the curing of these model compounds using ‘3C NI\4R by following the depletion
of the ethynyl peaks, and the increasing intensity of resonances in the range of 120-125
and 136-144 ppm, suggesting that both aromatic and polyene products were formed, but
no definite assignment was made due to overlapping peaks.96 Using ‘3C NIVIR, Scola et
al. determined that the main reaction products for ‘C enriched 3, 4’ bisE4-
phenylethynylphthalimido]diphenyl ether (PEPA 3, 4’ - ODA) was the ethynvl to
ethynyl reaction, resulting in polyenes, Figure 17.86 The ethynyl to ethynyl reaction was
also found for the corresponding 13C enriched PETI-5 imide oligomer. Additionally, the
study revealed the formation of ‘3C enriched single-bonded structures, suggesting further




Figure 17. PEPA 3,4’-ODA
This additional chemistry of the polyenes led to new compounds exhibiting cyclic
resonances which were attributed to cyclotrimerization or cyclotetramerization to form
hexasubstituted benzenes or octasubstituted cylcooctatetrenes, respectively; which make
comprised of the major products of the final cross-link material. Roberts et al. were also
able to identify the cured products of two ‘3C enriched PETI oligorners, PETI-A 2000
(MW = 2000 g/mol) and PETI-A 9000 (MW = 9000 g/mol), synthesized from 4-
(Phenylethynyl-a,J3-1Cphthalic anhydride (PEPA), see Figure 1 Using solid state
‘3C NIvtR they observed resonances that they assigned to three different classes of cure
products: cyclic compounds, products from backbone addition (substituted stilibenes and
tetraphenyl ethanes), and polenes. Additionally, the study revealed that the molecular
weight of the oligomers had a profound effect on the structure of the cured products. For
example. polyene formation was more permanent with PETI-A 2000 than with PETI-A
9000 because of the high proportion of phenylethynyl (PE) end-groups that could
participate in ethynvl-ethynyl chain extension reaction in PETI-A 2000. Whereas, PETI
A 9000 had lower amount of PE end-groups relative PETI-A 2000, to which extension
was severely limited as a result of a rapid increase in viscosity upon curing.
Consequently, the major products of the high molecular weight imide oligomer were







1) NMP, 10-15% sohds
25°C, 24h
2) Toluene; 150-170°C, lOh
Figure 18. PETI-A 2000 g/mol and 9000 g/mol
2.4 Cure Kinetics of Phenylethynyl Compounds
A variety of analytical tools, including Fourier transform infrared spectroscopy
(FTIR), differential scanning calorimetry (DSC), HPLC, ‘H and ‘C NMR. and melt
rheology have been used to monitor the cure kinetics of PElT resins.95’799 Takekoshi et
al. determine the kinetics of the thermal conversion of 3PEA/PA and PEPAIAn by
monitoring the disappearance of the reactants via HPLC (see Figure 16). When the
high speed civil transport (HSCT) program was examining the NASA developed the





kinetics for a simple model compound, analogous to the PETI-5 imide. Model
compound, PEPA-3,4’ODA, Figure 17, exhibited first-order kinetics upon cure for the
entire reaction time when monitored by the disappearance of the ethynyl groups at
various temperatures.98 Pickard et al. investigated the kinetics and mechanism of bulk
thermal polymerization of 3 -phenoxyphenyl acetylene (Figure 19), and determined a first
order reaction with 20 — 60% conversion over the temperature range 127- 327 °C, via
temperature ramp IDSC.97 However, reaction orders were found by isothermal DSC
experiments to be 2.3 to 2.9 for first 50% of the reaction, over the temperature range of
220-267 °C.
H
Figure 19. 3 -phenoxyphenyl acetylene
In another study, Wright and Schorzman studied key model compounds: N
phenyl-4-( 1 -naphthylethynyl)phthalimide and N-phenyl-4-phenyiethynylphthalimide, and
observed that the thermal cure kinetics best fit a first-order rate law, based on DSC
studies (Figure 20). The study also determine that the reaction rate of reaction for N




Using melt rheology, Bullions developed a two-stage, dual-Arrhenius rheology
model to calculate the activation energy for the cure phenylethynyl-terminated Ultem”
type poly(etherimide) (PETU), Figure 21.100 The cure reaction on the ethynyl groups
followed first-order reaction kinetics, which agreed well with DSC measurements of the
same system.’°’
N-phenyl-4-(1 -naphthylethyny 1)-phthalim ide





Figure 21. PETU UltemTM
2.5 Properties of Zeolites
Zeolites are crystalline alurninosilicates materials that have a three-dimensional
framework structure that forms uniformly sized pores of molecular dimensions with
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interconnecting channels or cavities.20 Well know zeolites in their pure form, have
perfect crystalline structures and possess only micropores; less than> 2 nm.102 However,
the range of their pores can be expanded to sizes greater than 50 nm via soft and hard
template synthesis.’°3°6 When the pore diameters are between 2 rim and 50 nm, the
materials are categorized as mesoporous, and materials with pore diameters larger than
50 rim are macroporous. Zeolites can also have a combination of pores sizes, such as
micro-mesoporous materials.
The primary building units for the zeolites framework are the Si04 and A104
tetrahedra connected by sharing one oxygen atom that is positioned between two
tetrahedra. These building units are responsible for producing a three-dimensional
framework containing channels and cavities of molecular dimensions. The framework is
neutral, but if a silicon atom (Si4) is substituted by an aluminum atom (A13j, the
framework then becomes negative. Therefore, metal cations (e.g. Li, Na, K, Ca2,
Sr2) sit in the channel or cavity to preserve eletronuetrality while also forming a weak
Lewis acid site.3032
2.6 Catalytic Behavior of Zeolites
Sometimes, in place of cations, hydroxyl protons acting as Brønsted acid sites,
i.e., proton donors can balance the negative charge. The hydroxyl proton is located on
oxygen bridges, connecting a tetrahedrally coordinated silicon and aluminum atom within
the framework. As a result of the negative charge being balanced by metal cations or
hydroxyl protons, the zeolitic framework now has weak Lewis acid sites and strong
Bronsted acid sites. Furthermore, there is evidence of strong Lewis acid sites due to
framework defects and extra-framework aluminum (Al) or EFAL species as a result
25
tricoordinated or partially dislodged aluminum centers within the pores or on the surfaces
of the zeolites.33’5 Thereby zeolites may contain both strong Brønsted and Lewis sites.107
There have been reports of EFAL Lewis sites interacting with Brønsted sites to
enhance Brønsted acidity, subsequently forming 08-111 Lago et al.
demonstrated improvement in catalytic activity of n-hexane cracking using zeolite H
ZSM-5, upon mild steaming.’°9 A possible explanation of this behavior is the partial
hydrolysis of framework aluminum tetrahedra in the vicinity of bridging OH groups due
to mild steaming. These partially hydrolyzed framework aluminum tetrahedra are viewed
as strong electron-withdrawing sites for the neighboring bridging OH groups, thereby
decreasing the amount of energy of deprotonation and increasing the strength of the
Brønsted acid sites, i.e., exerting an indirect effect on the catalytic activity of Bronsted
acid sites.109
The accessibility of these Brønsted and Lewis sites are governed by the surface
area of these microporous materials, in which the surface area is related to the zeolites
catalytic activity properties.2°When the Bronsted and Lewis acid sites are available the
zeolites are able to participate in many different chemical reactions, including the





PETI GRC- resin and 2,3,3’,4’-tetramethylbenzophenone were provided by NASA Glenn
Research Center (Cleveland, OH). GRC-A resin was prepared from 4,4’-bisphenol A
dianhydride, 2,2 ‘-bis [4-(4-aminophenoxy)phenyl]propane, and 4-phenylethynylphthalic
anhydride in a 1: 2: 2 mole ratio, and by heating above 210 °C for 1 h and subsequently
grounded into powders. Zeolite L in the K form and zeolite Y in the Na were purchased
form CU Chemie Uetikon AG. Carbon tetrachioride (Cd4) (99%), dichioromethane
(CH2C1) (99.5%), chloroform (CHC13) (99.8%), N,N-Dimethylformamide (DMF)
(99.8%), were used as received from Acros. Sodium nitrate and arnmonium nitrate were
purchased from and used as received Fisher Scientific.
3.1 Ball Milling as Received GRC-A.
As-received GRC-A (10.0 g) was placed into a Roalox alumina-fortified mill jar
containing twenty 13 x 13 mm ceramic cylinders. The mill jar was securely sealed with
the fitted top and gasket and placed on a US Stoneware ball mill at 100 RPM for 4 h.
After ball-milling 4 h approximately 5-7 g of the GRC-A was collected using a plastic
spatula. Additional samples of GRC-A were ball milled for 8 and 24 h.
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3.2 Ball Milling GRC-A with Zeolite L for 4 h.
Approximately a 10.0 g mixture of 0.5 wt% zeolite L in GRC-A was prepared by
combining 9.950 g of as-received GRC-A and 0.050 g of zeolite L in the K form. The
mixture was then transferred into a mill jar with twenty 13 x 13 mm ceramic cylinders the
jar then was placed on ball mill for 4 h at 100 RMP. This procedure was then repeated in
a similar manner for 1, 2, and 4 wt% CRC-A with zeolite L.
3.3 Mixing of GRC-A and GRC-A with Zeolite L in CHC13.
As received CRC-A (5.0 g) and chloroform (250 mL) were added to 500 mL
round bottom flask fitted with a reflux condenser, and heated under reflux with stirring
for 4 h. After 4 h, the mixture was cooled to room temperature and the solvent removed
under reduced pressure using a rotary evaporator. The flask was then placed in a vacuum
oven overnight at 75 °C to remove any residual solvent. Samples of CRC-A with 0.5,
1.0, 2.0 and 4 wt% of zeolite L were prepared in a similar manner.
3.4 Dry Mixing GRC-A with Zeolites L and Y.
As-received CRC-A (4.975 g) and zeolite L in K form (0.025 g) were added to a
50 mL centrifuge tube was then secured on a Wrist Action Shaker model #75, and then
shaken at75 - 100 shakes/mm for 4 h. Samples of CRC-A with 0.5, 1.0, 2.0 and 4 wt% of
zeolites L and Y were prepared in a similar manner.
3.5 Dry Mixing Ground Zeolite L and Cured GRC-A with GRC-A.
Approximately 500 mg of zeolite L and 500 mg of cured CRC-A were ground,
separately, in a Crescent WIG-L-BUC for 5-7 mm. Dry mixed samples were prepared
with ground zeolite L and ground cured CRC-A to yield 0.5 wt% and 4.0 wt% mixtures.
3.6 Cationic Exchanging Na and H ions with K ions in Zeolite L.’2’
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Zeolite L in K form (500 mg) and 50 mL of 0.5 00 M sodium nitrate NaN03were
added to 100 mL round bottom flask with a reflux condenser and refluxed with stirring
for 4 h. The mixture was cooled to room temperature and filtered. The zeolite U was air
dried for 24 h, and the ion exchange process repeated. After the second exchange, the
recovered zeolite was placed in a porcelain crucible and calcined at 550 °C for 1 h. In a
similar manner, zeolite L in the K foi-m was also ion exchanged to the H form, using
0.5 00 M ammonium nitrate NH4O3in place of the NaNO3 solution.
3.7 Fabrication of Cured Plaques GRC-A and GRC-AlZeolite.
Approximately 25 g of powdered dry mixed as received GRC-A was transfen-ed
to a steel mold with dimensions of 8 x 8 x 0.3 cm, that had previously been treated with
FreecoatTM,and placed on hot plate pre-heated to 300 °C. As the resin melted it was
stirred carefully to remove bubbles. The top was placed on the mold and it was
transferred to an autoclave that had been pre-heated to 288 DC. The autoclave was
pressurized to 100 psi and heated to 371 DC at 5 °C/min, and held for one hour. The
autoclave was cooled slowly to room temperature and de-pressurized. The neat resin
plaque was then removed from the tool and characterized as described below. Cured
plaques of GRC-A with 0.5, 1.0, 2.0 and 4 wt% of zeolites L were prepared in a similar
manner.
3.8 Determining the Percent (%) Strain for Rheological Measurements.
Rheological measurements were conducted on a TA Instruments AR G2
rheorneter. Dynamic rheological data was collected using circular parallel aluminum
plates (diameter 25 mm). Samples were prepared by pressing 1.0 g of GRC-A powder
into 25 x 1.0 mm disks under a pressure of 13,000 psi for 1-3 mill in a steal die.
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Temperature ramp experiments were carried out at 5° C/mm from 50 to 400 °C. A series
of experiments were carried out with varying strain rates from 0.025% to 25%. Based
upon analysis of these experiments, a shear strain rate of 20% and an oscillation
frequency of 6.283 rad/sec, were selected for the rest of rheological measurements.
3.9 Isothermal Rheology Measurements and Kinetics Studies on Neat GRC-A and
GRC-A with Zeolites.
Based on the results from the rheology temperature sweep measurements,
isothermal rheology measurements were carried out to study the effect of temperature on
the curing of the neat GRC-A resin at 300, 315, and 330 °C. GRC-A with 0.5, 1, 2, and 4
wt% for zeolite L and Y were studied in a similar manner.
3.10 Differential Scanning Calorimetry (DSC).
The DSC of neat GRC-A was recorded using a TA Instruments DSC Q 2000
series analysis system. DSC data was collected by weighing 5 to 7 mg of sample into
aluminum pans which were then hermetically sealed. The cure cycle consisted of four
individually temperature ramp experiments carried out at 3, 5, 7, and 9 °C/min from 50 to
450 °C under nitrogen with a flow rate of 50 mL/min. The glass transition temperatures
were then obtained by following each cure cycle with a heating ramp at 20 °C/min, a
cooling ramp and another heating step at 20 °C/min. The glass transition temperature
was determined by finding the temperature at half height between the onset and end of
the transition using the TA IJniversal Aialysis software. The activation energy for cure
was obtained from the four temperature ramp experiments using ASTM E 698-05
method.122 The same procedure was then carried out in a similar manner with 0.5, 1, 2,
and 4 wt% GRC-A for both zeolite L and Y.
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3.11 Isothermal DSC Measurements and Kinetics Studies on Neat GRC-A and
GRC-A with Zeolites.
DSC samples were prepared as described above. The DSC furnace was preheated
to 285 °C prior to sample insertion. The DSC instrument started to record data when the
furnace reached the set temperate. Data was then recovered for 4 h. This test was
repeated with new samples at 300 °C and 315 °C. Samples of GRC-A with 0.5, 1.0, 2.0,
and 4.0 wt% zeolite L were measured in similar manner.
3.12 Thermogravimetric Analysis (IGA).
TGA experiments were carried out on cured specimens GRC-A on a TA
Instruments TGA Q 50 series analysis at heating rates of 3, 5, 7, and 9 °C/min under
nitrogen and oxygen atmospheres at flow rates of 60 mL/min from 25 to 450 °C. The
cured samples, 10 to 15 mg, were placed in a platinum sample holder prior to thermo
oxidative studies. Samples of GRC-A with 0.5, 1.0, 2.0, and 4.0 wt% zeolite L and Y
were measured in similar manner.
3.13 Dynamic Mechanical Thermal Analysis (DMTA).
DMTA studies were carried out on a TA Instruments AR G2 rheometer on cured
rectangular samples of neat GRC-A, with dimensions of 30 x 6.5 x 3.5 mm machined
from the cured plaques described above. The neat GRC-A sample were securely placed
between rectangular fixmres. The temperature ramp was 5° C/mm from 50 to 400 °C.
All experiments were carried out at 6.283 mad/sec and 0.05 percent strain. Samples of
GRC-A with 0.5, 1.0, 2.0, and 4.0 wt% zeolite L and Y were measured in similar manner.
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3.14 Thermomechanical Analysis TMA.
TMA expansion and penetration studies were carried out on a TA Instruments
TMA Q 400 series on cured GRC-A square samples with approximate dimensions of 4 x
4 x 3 mm machined from the cured plaques described above. The samples were securely
place on the sample holder and a 0.020 N force was applied to the sample, followed by a
temperature ramp of 3 °C/min to 400 °C. Samples of GRC-A with 0.5, 1.0, 2.0, and 4.0




Zeolites L and Y were incorporated in PETI resin GRC-A via ball-milling,
solution, and dry-mixing in order to determine the optimum method for incorporation and
the effect of these porous materials have on the melt rheology, cure kinetics, and cured
composite properties.
4.1 PETI GRC-A Resin
PETI GRC-A resin as received from NASA Glenn was formulated from 4,4-
bisphenol A dianhydride, 2,2’-bis [4-(4-aminophenoxy)phenyl]propane, and 4-
phenylethynylphthalic anhydride in a 1:2:2 mole ratio, see Figure 22. GRC-A imide
oligomers were prepared by melting and heating these components to 210 °C for 1 h,
cooling to room temperature, and then subsequently ground into powders GRC-A is
polydispersed, i.e., having a range of molecular weights, and GPC data indicated a
number average molecular weight of 1.9x103 g/mole. PETI resins like GRC-A were
desianed to be a mixture of various molecular weight oligomers that provide for low melt
viscosity. The gel permeation chromatography (GPC) results for representative batches
of GRC-A are presented in Figure 23 and clearly show that the samples contain at least
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Figure 22. Formulation of GRC-A.
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Figure 23. The GPC data for the various lots of GRC-A, showing the polydispersity.
Light Blue is lot 1; Black is lot 2, and Pink is lot 3.
0 04,4-Bisphenol A Dianhydride
34
4.2 Zeolites L and Y
The properties of zeolite L and Y are summarized in Table 1 and Figure 24
shows the scanning electron rnicrographs (SEMs) of zeolites L and Y used in this study.
In the SEMs, zeolite L is shown to be composed of unifonTily cylindrical particles while
zeolite Y is composed of clusters spherically particles. Figure 25 gives a schematic
diagram of the cross section of the channels in zeolites L and Y. Zeolite L has one-
dimensional channels that lead to cavities while zeolite Y has three-dimensional, also
leading to cavities.20’112
Table 1. Zeolite L and Y Properties and Characteristics
Zeolite L Y
SAR Valuea 3 2.32
Aspect Ratio 2.0 1.5
Cation K Na
Tetrahedrab 12 12
Pore Size Large Large
Pore 7.1 7.4
Dimensions_(A)




Topological density (g/cm3) 0.6 19048 0.476 190
a Typical SAR values for zeolite L andY. SAR (Silicon to Aluminum Ratio)




Figure 25. The dimensions of the channels of zeolites in nanometers (a) L and (b)
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4.3 Determining the Rheological Properties of Viscoelastic Materials
We have used rheology to study the viscoelastic behavior of PETI GRC-A as a
function of time, temperature, and zeolite loading. Rheology is the study of the way a
material responds (i.e., deformation and flow) when forces are applied to them. Isaac
Figure 24. SEMs of zeolites: (a) L and (b) Y
(b)
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Newton was the first to express the viscosity of an ideal linear (Newtonian) fluid with
equation 1.125
Eqi
Rearranging equation 1, viscosity is then defined as:
Eq2
where t is the shear stress (force) applied tangentially to sample, causing deformation; 11
is viscosity (measure of the resistance to continuous deformation) and ‘y is shear rate (rate
of change in the shear strain per unit time, as a result of the force being applied).
Equation 1 shows a linear relationship of shear stress versus shear rate, with the viscosity
being the proportionality constant between the two. For a Newtonian fluid, the viscosity
of the material remains constant, and does not depend on the shear rate. However, for
viscoelastic materials, such as GRC-A, the relationship between shear stress and the shear
rate was found to be nonlinear. These materials are call non-Newtonian, because the
viscosity of these materials varies in a non-linear manner as function of shear rate.
Equation 3 gives the viscosity as a function of shear rate:125
(y) = t/-y Eq 3
4.4 Flow and Elastic Behavior of PETI GRC-A as Function of Percent (%) Strain
The relationship between the viscosity, i, and shear modulus, 0, is used to
characterize viscoelastic materials. Oscillatory rheology has been widely used to
determine this relationship in terms of complex viscosity, r, and complex modulus, 0*,
as described in Equation 4125
*Q*/ Eq4
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Where 0* = 0 (w) + iG”(w). 0 is elastic modulus (solid-like behavior) and 0” is the
viscous tuodulus (liquid-like behavior) of the material and o is angular velocity.
In this study, the complex viscosity was detennined at various applied strains, in
order to determine the optimum strain for studying the melt rheology as a function of
time and temperature. Figure 26, shows the complex viscosity, i, for neat GRC-A, as a
function of temperature at percent strains between 0.025-25%.
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Figure 26. Complex viscosity, r, as a function of temperature and percent strain for
neat GRC-A.
Figures 27 and 28 give 0’ (elastic, modulus) and 0” (viscous modulus),
respectively, as a function of temperature and percent strain. Based upon the data we
determined that 20 percent strain yielded the best condition for carrying out our studies,
because percent strains lowers than 20% demonstrated that the data will be noisy and
non-reproducible.
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Figure 27. Elastic modulus, 0’, as a function of temperature and percent strain for neat
GRC-A.
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Figure 28. Viscous modulus, 0”, as a function of temperature and percent strain for neat
GRC-A.
4.5 Chemorheology for Neat GRC-A
Chemorheology is the study of viscoelastic behavior of chemical reacting
thermosetting systems such as GRC-A.’26 Figure 29 is a plot of complex viscosity, r,
vs. temperature for neat GRC-A when heated at 5 °C/min, and with a 20% strain. The
viscosity curve of neat GRC-A illustrates: 1) melting at 187 °C; 2) GRC-A completely
melted at 237 °C; and 3) the minimum viscosity of 0.57 Pa’s; at 315 °C; further




Figure 29. Complex viscosity, r, versus temperature for GRC-A, at a heating rate of 5
°C/min, and with a 20% strain. (1) initial melting of the resin, (2) decrease in i with
increasing temperature until it reaches a minimum viscosity, and (3) increase in i during
the curing stage.
Figure 30 gives the plot of G’ and G” vs. temperature for GRC-A, which allows the






elongation and cross linking. During the cure, viscosity rapidly increases and the
polymer undergoes an almost instantaneous change from a liquid to a gel. The crossover
gel point is defined as the time or temperature at which 0’ = 0”, indicating sufficient
cross linking has occurred that the resin system behaves as an infinite network.’27’9 The
crossover gel point for GRC-A was determined to be at 350 °C under these testing
conditions. Beyond the gel point the viscosity and molecular weight diverge to infinity.
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Figure 30. Plot of 0’ and 0” vs. temperature for GRC-A at a heating rate of 5 °C/min,
and with a 20% strain.
Below is a schematic description of the chemrheology behavior of a thermoset
material, such as GRC-A, which undergoes chain elongation and cross linking, Figure 31.
The initial chemical reaction begins with reactive pre-polymer monomers or oligomers,
(a), which upon heating start to chain elongate and cross link, (b). Further heating leads
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to more chain elongation and cross linking as shown in (c), with the eventual formation
of an infinite irreversible network as shown in (d).’3°
d
Figure 31. Schematic of representation of structural development during the cure of
thermosetting resin.130
4.6 Chemorheology Studies for GRC-A Ball-Milled for 4, 8, and 24 h
Ghose et al. used ball milling to incorporate multi-walled carbon nanotubes
(MWNTs) into PETI-330.’3’ They reported that high resolution SEM images showed
that this mechanical process did not appear to damage the nanotubes; however,
transmission electron microscopy (TEM) did show that the length of MWNTs was
reduced as result of the collision between the grinding media during the ball-milling
process.132 To develop a baseline for compression, we attempted to incorporate zeolites






GRC-A was ball milled for 4, 8, and 24 h, and then its melt rheology studied.
Figure 32 shows plots of r vs, temperature for as received GRC-A and ball milled GRC
A, and Table 2 gives a summary of the initial melt rheology data. Interestingly, ball
milling the GRC-A alone lead to a reduction in the minimum viscosity 1rnin from 0.25
Pa•s at 315 °C for the as received resin to 0.10 Pa•s at 305 °C for the resin that had been
ball-milled 4 h, and 0.09 Pas at 295 °C for the resin ball milled for 8 and 24 h. This
reduction in fl*mjn may be due to reduction in particle size and better mixing of the
various molecular weight fractions of GRC-A.
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Figure 32. Complex viscosity, fl*,versus temperature of Neat GRC-A ball-milled for 4,
8, and 24 h at 5 °C/min and 20 % strain.
minimum viscosity, T (°C) @ minimum G (°C)
(11*min) Pas viscosity (11*)
Neat As-Received 0.25 315 350
Neat GRC-A, BM4 0.095 305 338
NeatGRC-A,BM8 0.091 295 325
Neat GRC-A, BM 24 0.090 295 325
The GRC-A resin used in this study was prepared in three different lots. Initial
melt rheology studies were conducted on Lot 1. Figure 23 on page 33, shows the GPC
data for these three lots and Table 3 gives i, temperature at and G, for the three lots
of GRC-A provided by NASA GRC. Based on the data, all future tests were carried out
using Lots 2 and 3.
Table 3. Minimum viscosity, temperature at minimum viscosity, and the observed cross
over point of neat GRC-A as-received, for lots 1-3.
Neat minimum T (°C) @ G (°C)
GRC-A Viscosity, (TI*min) minimum
Pas viscosity (*)
Lotl 0.37±0.024 315± 1.5 350+ 1.3
Lot2 0.73 ±0.061 312± 1.8 349 +2.1
Lot3 0.88±0.046 314±1.3 347±2.7
4.7 Chemorheology Studies for GRC-A Ball-Milled with Zeolite L and Y
Based on the melt rheology data from the ball-milling results, it was decided to
ball-mill GRC-A with zeolite L and Y for 4 h. As was the case with neat GRC-A, it was
difficult to get high recovery of the mixed GRC-Alzeolite mixture from ball mill.
Because of the high local forces generated by ball milling we examined the zeolite by
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Table 2. Minimum viscosity, temperature at minimum viscosity, and the observed cross
over point of samples of neat GRC-A ball milled for 4, 8, and 24 h, 5 °C/min and 20%
strain.
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SEM to determine if the zeolite had been damaged during ball milling and if the samples
recovered were representative of the materials that had been mixed. Figures 33 and 34
show the SEM images of the 2 % and 4 % GRC-A/zeolite L after ball milling for 4 h.
Comparison these figures with Figure 24 of the as received zeolite L, show that the
structure of some of the zeolites had been altered or collapsed during the ball-milling
process. The integrity of the zeolite structure, which will be discussed later, is very
important to the performance of the zeolite within GRC-A system.
k ‘1
aj ‘-- b) -__.—_
Figure 34. SEMs of GRC-A BM with a) 2.0 and b) 4.0 wt%; magnified 10.00K x 3im
M.g. 5.OX [—H WU. Vr,,, .‘.- M; SDOKX [—[
a) . wr q. b) —










Samples of GRC-A/zeolite L mixtures recovered from ball milling were cured at
371 °C for 1 h and then subjected to thermogravimetric analysis to determine how closely
the percentage of zeolite L in the recovered samples corresponded to the prepared
mixtures. Figure 35 shows the weight loss of these samples upon heating at 10 °C/min to











0 200 400 eba e&o 1000
Temperature (CC) UflrI V3 OA TA
Figure 35. TGA curves with at ramp rate of 10°C/mm in air for GRC-A loaded with
zeolite L via ball-milling.
Table 4. Percent weight of zeolite L mixed with GRC-A, and percent weight determined
by TGA in the recovered mixtures from GRC-A/zeolites mixtures prepared by via ball
milling 0.5, 1.0, 2.0, and 4.0 wt% zeolite with GRC-A.









Plots of 11* versus temperature for neat GRC-A, and GRC-A/zeolite L mixtures
prepared by ball milling are given in Figure36. Table 5 gives the minimum i,
temperature at minimum i, and temperature at G. It was observed that the cross-over
point, minimum viscosity, and temperature at minimum viscosity increased in the
samples containing zeolite relative to the neat resin. The curing section of the i- vs.
temperature curve for GRC-A, loaded with zeolite L, shifted to higher temperatures than
the neat resin alone. Thus, zeolite L appeared to retard the cure reaction of the
phenylethynyl groups. GRC-A loaded with 3 and 5.4 wt% zeolite L exhibited similar
curing curves, in addition to shifting the onset of cure approximately 13 to 17 degrees
higher, when compared to the neat resin. Likewise, higher loadings of zeolite L, 21.5
wt% and 22.1 wt% shifted the curing an additional -13 degrees higher than lower loading
of zeolites. This shift to higher onset of curing to higher temperature widens the
operating window for additional processing of the resin via RIM or VARTM, making the
addition of zeolites to resins an attracting attribute for processing.
Table 5. Minimum viscosity, temperature at minimum viscosity, and observed gel points
of samples of neat GRC-A and GRC-A with zeolite L, by ball milling for 4 h.
r Wt % zeolite L Wt % zeolite minimum I (°C) G
in GRC-A ball in GRC-A as viscosity, (11*) minimum (°C)
milled measured Pas viscosity (rl*)
Neat neat 0.82 313 350
0.5 3.0 % 1.0 326 349
1.0 5.4 % 0.91 330 365
2.0 21.5 % 0.86 342 372
4.0 22.1% 0.68 343 375
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Figure 36. Complex viscosity rj vs. temperature for sample of GRC-A and GRC-A with
0.5, 1.0, 2.0, and 4.0 wt% zeolite L ball-milled for 4h.
4.8 Melt Rheology for Solution Mixing of GRC-A with Zeolite L
Since we found the ballmilling damaged the zeolites an yielded recovered
material not representative of the initial mixture, we attempted to incorporate zeolites into
GRC-A via solution mixing. Fillers and nanostructured fillers have previously been
incorporated into polymers via solvent processing.6’ We examined several of solvents
including N,N-dimethvlformamide, carbon tetrachloride, dichlorornethane and
chloroform, for the dissolution of GRC-A and incorporation of zeolite L. Chloroform
gave the best results for dissolution of GRC-A, and the solvent subsequently used for
incorporating zeolite L into GRC-A. Five grams of GRC-A was dissolved in 250 mL of




loading. The suspension was heated to reflux of for 4 h with rapid stirring. The mixtures
were cooled to room temperature and the solvent removed on a rotary evaporator. Figure
37 below gives the SEM images of GRC-A loaded with 2 wt% and 4 wt% zeolite L,
prepared by solvent mixing. The photomicrograph reveals that zeolite L is well dispersed
in the GRC-A and has been coated the GRC-A.
Figure 37. SEMs of GRC-A with 2.0 wt% (a) and 4.0 wt% (b) zeolite L that had been
solvent mixed; magnified 5.00K x 3jim
In figure 38 shows vs. temperature for as received GRC-A and GRC-A that
had been refluxed in CHC13 for 4 hours followed by rotary evaporation of the solvent. It
was observed that the minimum viscosity for the processed sample is lower than the as
received GRC-A, and that the rapid decrease in melt viscosity starts a higher temperature
and the gelation occurs at a lower temperature than the as received GRC-A. This
behavior may reflect that the solvent processing has changed the chemistry and intimacy
of the mixture of the various molecular weight oligomers.
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1v1 (Pas)
Complex Viscosity (Pa.s) versus Temperature (CC) for Neat GRC-A As-Received and SM
Table 6. Minimum viscosity, temperature at minimum viscosity, and observed gel points
of samples of neat GRC-A and GRC-A with 0.5, 1.0, 2.0 and 4.Owt% zeolite L; using the
solution method.
GRC-AlZeolite L minimum T (°C) G (°C)
by mixing in CHC13 viscosity, (q*) minimum viscosity
Pas (*)
Neat 0.59 312 367
0.5wt% 1.51 319 355
1.Owt% 1.36 315 356
‘rs o’ 1 ,ru -si’
Z.tJWt/O 1..JU .Dll
4.Owt% 1.44 326 360
4.9 Melt Rheology for Dry Mixing of GRC-A with Zeolites
As a result of the issues presented with ball-milling and solvent mixing, zeolite L
was incorporated in GRC-A by simple dry mixing using a wrist shaker. Figure 39 shows
the SEMs for GRC-A which were been dry-mixed with 2.0 and 4.0 wt% zeolite L. These
r
250.0 300. 350 0 400.0
temperature CC)
Figure 38. Complex viscosity r vs. temperature for samples of neat GRC-A as received,
and CRC-A refluxed in CHC13 for 4h and then recovered.
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photomicrographs show that the zeolite is well distributed in the GRC-A, and that zeolite
L remained intact.
Figure 39. SEM images of GRC-A dry mixed with a) 2.0 wt% and b) 4 wt% zeolite L;
magnified 5.00K x 3jim.
Samples of GRC-Alzeolite L prepared by dry mixing were cured at 371 °C for 1 h
and then subjected to thermogravimetric analysis to determine how closely the
percentage of zeolite L in the recovered samples corresponded to the prepared mixtures.
Figure 40 shows the weight loss of these samples upon heating at a rate of 10 °C/min to
900 °C, and Table 7 summarizes this data. In contrast to ball milling, samples of GRC
Alzeolite L prepared by dry mixing were found by TGA to be in good agreement with
what was initially mixed.
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Figure 40. TGA curves for GRC-A loaded with zeolite L via dry-mixing at 10°C/mm in
air.
Table 7. TGA results of GRC-A loaded with zeolites 0.5, 1.0, 2.0, and 4.0 wt% zeolite L
dry-mixed for 4 h
_________________ __________________
Wt% of zeolite L Cured Material






Figure 41 show the rheology curves for neat GRC-A and GRC-A dry-mixed with
zeolite L. Table 8 gives the minimum r, temperature at minimum i’, and temperature
at G GRC-A dry-mixed with zeolite L. It can be clearly observed from Figure 41 that
the onset of cure is shifted to higher temperature when zeolite L is incorporated into
GRC-A. This may result from zeolite L simply acting as a filler and slowing the reaction
Temperature (CC)
52
chemistry between the phenylethynyl end groups, thereby preventing chain elongation
and crosslinking.
Complex Viscosity (Pas) versus Temperature (CC) for 0.0, 0.5, 1.0, 2.0, and 4.0 wt% zeolite L.Dry Mixed
a
C
Figure 41. Complex viscosity r’ vs. temperature for sample of GRC-A and GRC-A with
0.5, 1.0, 2.0, and 4.0 wt% zeolite L dry-mixed for 4h
Table 8. Minimum viscosity, temperature at minimum viscosity, and observed gel points
of samples of neat GRC-A and GRC-A with 2.0 wt% zeolite L that had dry-mixed 4 h.
GRC-A mixed Wt % zeolite minimum T (°C) G (°C)
with in GRC-A as viscosity, (1) minimum
Zeolite L by measured Pas viscosity (11*)
dry_mixing
Neat neat 0.67 315 352
0.Swt% 0.78% 1.11 328 351
l.Owt% 1.108% 1.28 332 358
2.0 wt% 2.08% 0.92 341 353
4.0 wt% 3.99% 0.90 347 360






manner similar to that used for the incorporation of zeolite L. The rheology data showed
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zeolite Y catalyzing the cure by shifting the onset of cure to lower temperatures, when
compared to dry mixed samples with zeolite L, Figure 42. Table 9 also shows that the
temperature at the minimum viscosity and at the cross-over point decrease significantly.
Additionally, there appears to be some pre-melting of the GRC-A in the presence of
zeolite Y between 150 °C and 200 °C, before consistent melting takes place after 200 °C.
This was not observed in previously mixed samples with zeolite L. Figure 43 shows the
comparison in the melt rheology curves between the as-received GRC-A, dry-mixed
samples of GRC-A loaded with zeolite L and GRC-A loaded with Y at 0.5, 1.0, 2.0 and
4.0 wt% loadings. The diagrams show how the onset of cure of the mixed samples are
affected and shifted relative to the each other and the neat resin.
Complex Viscosity (Pas) versus Temperature (CC) for 0.0, 0.5, 1.0, 2.0, and 4.0 wt%zeolite Y-Dry Mixed
c0
C
Figure 42. Complex viscosity r vs. temperature for sample of CRC-A and CRC-A with
0.5, 1.0, 2.0, and 4.0 wt% zeolite Y and dry-mixed for 4 h.
telTperature (CC)
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Table 9. Minimum viscosity, temperature at minimum viscosity, and observed gel points
of samples of neat GRC-A and GRC-A dry mixed for 4 h.
Samples minimum T (°C) @ minimum G (°C)
viscosity, (1I*) Pas viscosity (1*)
Neat DM4h 0.59 315 352
0.5wt%YDM4h 0.74 307 341
1.Owt%YDM4h 0.80 308 343
2.Owt%YDM4h 0.87 310 338
4.Owt%YDM4h 0.87 309 340
a
c) d)
Figure 43. Comparison of the melt rheology curves between the as-received GRC-A, dry
mixed samples of GRC-A loaded with zeolite L and GRC-A loaded with Y with 0.5, 1.0,
2.0 and 4.0 wt% loadings.
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As to why zeolite Y is catalyzing the cure chemistry of the phenylethynyl end-
groups of GRC-A could be attributed to the accessibility of the Lewis acid on the surface
of the zeolites. Zeolite Y has a surface area to volume ratio that is nearly three times that
of zeolite L (Please refer toTable 1). Thereby, the presence of zeolite Y in the resin can
catalyze the curing of the phenylethyny end-groups by facilitating reactivity between
GRC-A and the Lewis acids at the surface of the zeolites. Already discussed in chapter 2,
the proposed cure chemistry of the phenylethynyl end-group to include intra- and
intermolecular Diels-Alder reactions, and the presence of Lewis acid sites could affect
these reactions; ultimately affecting the cure mechanism of phenylethynyl end groups.
Earlier studies have observed that the presence of Lewis acids in solutions, similar to
those in the zeolite Y, can accelerate Diels-Alder reactions by an order of iO to 106.133
145 In this study, the observation revealed that GRC-A with various loadings of zeolite Y
decrease the cure temperature of the phenylethynyl end-groups by 2.5% to 4% and 6% to
11%, relative to neat GRC-A and GRC-A!zeolite L mixtures.
4.10 Comparison Melt Rheology of GRC-A with Zeolite L in the Na, K, and H
Form
Zeolite L was exchanged from the K form to the Na and H form as described in
the experimental portion, section 3.6. Figures 44 and 45 give i vs. temperature for
GRC-A loaded with 4.0 wt% of zeolite L via dry mixing in the K and H, and K and
Na forms, respectively, with the cation K compared to zeolite L in the H and Na
form. Table 10 gives are the minimum viscosity, the temperature at the minimum
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Figure 44. Complex viscosity, r, vs. temperature for GRC-A loaded with 4.0 wt%
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Figure 45. Complex viscosity, r, vs. temperature for GRC-A loaded with 4.0 wt%
zeolite L in the K and Na forms.
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Table 10. Minimum r, temperature at r, and observed gel points of samples of GRC
A loaded with 4.0 wt% zeolite in the H, K, and Na forms.
Sample minimum viscosity, T (°C) @ G (°C)
(yi*)Pa.s minimumr*
GRC-A14.0 wt% zeolite LLK 0.79 347 364
GRC-A!4.0 wt% zeolite L/H 0.82 322 348
GRC-AJ4.0 wt% zeolite L/Na 0.73 342 361
The rheology curve for GRC-A with zeolite L in H form demonstrates that onset
cure at a much lower temperature than GRC-A with zeolite L in K or the Na form, see
Figure 48. In contrast, the cure behavior appears to be similar for QRC-A with zeolite L
in either the K or Na form. This suggested that the metal cations do not affect the cure
as does the Bronsted acid sites. Besides, the acid strength associated with metal cations
has been categorized as weak Lewis acids, when compared to Brønsted acid sites.20
However, the Brønsted and Lewis acid sites that are housed on the surfaces and within
the micropores can interact with one another to enhance the catalytic activity of the
zeolite. Lago et al. attributed the increase in catalytic activity for the cracking of n
hexane, and attributed this phenomena to the partially hydrolyzed framework aluminum
atoms This aluminum atoms were viewed as strong electron-withdrawing centers in the
neighborhood of the Brønsted acid sites.109 The same assumption could be made for the
increase in the cure for GRC-A with zeolite L in H form, in that the addition of the
protons made it possible for the aluminum atoms of the Lewis acids sites housed by
zeolite L to become partially hydrolyzed by the Bronsted acid sites, thereby, enhancing
the catalysis of the cure reaction, and resulting in a lower temperature for the onset of
cure.
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4.11 Kinetic Studies of PETI GRC-A with zeolite L and Y
There are essentially two forms of kinetic models used to describe thermoset curing
reactions: empirical and mechanistic models. Empirical models are more simplistic and
assume an overall reaction order, to which the kinetic data is fitted.’46 On the contrary,
mechanistic models are derived from an analysis of the individual reactions involved
during the curing, which require detailed measurements of the concentration of reactants,
intermediates, and products. Essentially mechanistic models are intrinsically more
complex than empirical models, and are not restricted by compositional changes.
However empirical models do provide important information about the cure kinetics of
thermosets.
4.12 Activation Energy for the Onset of Cure of PETI GRC-A with zeolite Land Y
To gain more insight on the cure kinetics of the zeolites loaded systems, we
investigated the onset of cure rate by determining its rate constant (k) as a function of
temperature. In this study, the empirical model, the Arrhenius equation (Equation 5) was
utilized to obtain the activation energy, EA, of the onset of cure for neat GRC-A and
GRC-A loaded with zeolites,
lnklnk+(-Ek/RT) Eq5
where k is the rate constant, A is the pre-exponential constant, Ek is the apparent
activation energy for initial increase in viscosity, R is the gas constant, and T is the
temperature, K.
Isothermal rheology studies were and have been used to help obtain the cure
kinetics of many thermosets. These tests were used to detennine the changes in the
complex viscosity over time at a fixed frequency at various temperatures. Mussati and
59
Macosko measured the curing viscosities of a phenolic resin, epoxy resin, and an EPDM
rubber as function time at various temperatures.’47 Bullions et al. used isothermal studies
to construct a two stage, dual-Arrhenius rheology model to successfully model the
complex viscosity of a phenylethynyl terminated poly(etherimide) as a function of time,
over the temperature range 325°C to 350°C.’° In this study, we measured the change in
complex viscosity of Neat GRC-A and GRC-A loaded with zeolites as afunction of time
at of 300, 315, and 330°C. Figure 46 shows the complex viscosity, vs. time at these









Figure 46. Complex viscosity, r, vs. time at 300, 315, and 330 °C for neat GRC-A.
Figure 46 shows a clear difference in the cure behavior of GRC-A at these
temperatures. For the cure kinetics study, the initial rate of increase in for the onset o
cure was determined by examining the initial rate of increase in complex viscosity in the
linear range just above the point of the minimum viscosity. Table 11 gives the kinetic
One (n)
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values, and Figure 47 shows the Arrhenius plot of the data for neat GRC-A. Tables 12
and 13 gives the activation energies for the Neat GRC-A, and GRC-A loaded with zeolite
L and Y prepared via dry mixing.
Table 11. Rate constants, taken at each temperature, for the initial increase in viscosity of
neat GRC-A.
T (°C) l/T (K) k (l/s’) In k (11s’)
300 0.001745 l.66E-4 -8.70
315 0.001701 3.84E-4 -7.86
330 0.001658 8.16E-4 -7.11
I /T









Figure 47. Arrhenius plot for the rate of increase in the initial increase of i vs. inverse
temperature for neat GRC-A.
61
Table 12. Apparent activation energy for the initial increase in rj, and pre-exponential
factor for initial increase in r for neat GRC-A and GRC-A with zeolite L.
EA, kJ/mol kc (us) Linear
Regression
NeatGRC-A c 145.±2.8 14±1.2 0.998±0.002
GRC-AJ0.5 wt% zeolite L 167. ± 5.7 31 + 1.6 0.997 ± 0.005
GRC-A/1.0 wt% zeolite L 176. ± 5.4 30 ± 1.7 0.998 ± 0.002
GRC-A12.0 wt% zeolite L 189. ± 5.3 32 ± 1.6 0.997 ± 0.005
GRC-A/4.0 wt% zeolite L 218. ± 5.6 34 ± 1.5 0.999 0.007
Table 13. Apparent activation energy for the initial increase in i *, and preexponential
factor for initial increase in i for neat GRC-A and GRC- A with zeolite Y.
E, kJ/mol kc, (us) Linear
Regression
Neat GRC-A 145. ± 3.6 24 ± 1.6 0.997 ± 0.005
GRC-A/0.5 wt% zeolite Y 99. ± 5.7 31 ± 1.6 0.998 ± 0.002
GRC-A/1.0 wt% zeolite Y 127. ± 5.4 30 ± 1.7 0.998 ± 0.002
GRC-A/2.0 wt% zeolite Y 126. ± 5.3 32 ± 1.6 0.998 ± 0.002
GRC-A14.0 wt% zeolite Y 131. ± 5.6 34 + 1.5 0.997 ± 0.005
The results of the isothermal tests show that the activation energies for the GRC
A! zeolite L mixtures increased relative to the neat system, while the activation energies
for GRC-A!zeolite Y mixtures decreased. The activation energies for GRC-A!zeolite L
mixtures support the temperature sweep experiments, in which zeolite L was retarding
the cure, resulting in the onset of the reaction observed at higher temperatures. Likewise,
the activation energies of GRC-A/zeolite Y mixtures show that presence zeolite Y also
agreed with the temperature sweep experiments, in which the onset of cure was observed
at lower temperatures.
4.13 Activation Energy of Gelation of PETI GRC-A with zeolite L and Y
The activation energy of the thermally hiduced gelation of the filled and neat
GRC-A was also examined to determine what effect zeolite L and Y have on the gelation
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of GRC-A. Bullions et al. and Dean et al. both demonstrated that the activation energy of
gelation for their thermosetting systems, could be obtained by taking the natural
logarithm of the gel time (tgei) versus 1/T as demonstrated in the equation below.’48
ln tgel = ln tge1 ± (Eg/RT) Eq 6
Where tgel is the gel time, tgeI is the preexponential factor for the gel time, and Eg is the
apparent activation energy for gelation. The gel time, is defined as the cure time at
constant temperature leading up to the infinite three-dimensional network. The gel time
was taken from the crossover point, G; where G’ = G”. As expected, the gel time
decreased as the cure temperature increased, indicating that the reaction proceeds more
rapidly at elevated temperatures Figure 48 gives both G’ and G” plotted as a function of
time at 300, 315 and 330°C. Table 14 gives the gel times for the respective isothermal
temperatures, and Figure 49, shows the Arrhenius plot of the gel times versus
temperature for neat GRC-A. Tables 15 and 16 give the activation energy of gelation for
GRC-A loaded with L and Y. The data show that for GRC-A loaded with 0.5 wt% and
1.0 wt% of zeolite L, the activation energy of gelation is similar to that of unfilled resin.
However, for 2.0 wt% and 4.0 wt% of zeolite L, the activation energy increases relative
the neat GRC-A. As for GRC-A loaded with Y, the observation further supports the
catalytic behavior of this zeolite, as evidenced by a reduction in the activation energies.
Table 14. Gel times for the gelation of neat GRC-A, taken from each temperature.
T (°C) 1/I t (s) in t 1
300 0.001745 7092. 8.87
315 0.001701 2574. 7.85




Figure 48. G’ and G”vesus time for neat GRC-A at 300, 314, and 330 °C.
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Figure 49. Arrhenius plot of the gel times vs. inverse temperature for neat GRC- A.
Table 15. Apparent activation energy for the gelation, and pre-exponential factor for
gelation for neat GRC-A and GRC- A with zeolite L.
EA, kJ/mol tgeloD (us) Linear Regression
Neat GRC-A 170. ± 3.6 24 ± 1.6 0.997 ± 0.005
GRC-Ai0.5 wt% zeolite L 165.± 5.5 27 ± 1.9 0.997 ± 0.005
GRC-A/1 .0 wt% zeolite L 168.± 5.7 26 ± 1.5 0.998 ± 0.002
GRC-A/2.0 wt% zeolite L 180.± 6.1 28 ± 1.7 0.998 ± 0.002
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Table 16. Apparent activation energy for the gelation, and preexponential factor for
gelation for neat GRC-A and GRC-A with zeolite Y.
EA, kJ/mol tgj (us) Linear Regression
Neat GRC-A 170. ± 3.6 24 ± 1.6 0.997 ± 0.005
GRC-Ai0.5 wt% zeolite Y 101. ± 5.5 27 ± 1.9 0.997 ± 0.005
GRC-A/l .0 wt% zeolite Y 1 l0.± 5.7 26 ± 1.5 0.998 ± 0.002
GRC-A/2.0 wt% zeolite Y 126.± 6.1 28 + 1.7 0.998 ± 0.002
GRC-A!4.0 wt% zeolite Y 151.± 6.4 36 ± 1.6 0.998 ± 0.002
4.14 Utilizing Equations and Models to Quantify the Effect of Zeolites on the Melt
Rheology and Elasticity of GRC-A: Einstein Equations and Guth-Gold Model
Fillers are commonly used in polymers and rubbers to enhance their
properties.’49”5° Fillers are employed as processing aids to improve mechanical
properties and thermal stability, enhanced optical properties of polymer films, and gas
permeability reduction, or to lower costs.
The immediate effect of fillers is to increase viscosity by interfering with the flow
pattern in a given process, produce thixotropy, and give rise to machine wear.151 The
relevant properties of fillers are concentration, size, aspect ratio, stiffness, strength, and
specific interaction between filler and the polymer matrix.150 Einstein established an
equation describing the viscosity of a filled Newtonian polymer melt non-deformable,
spherical fillers at low concentration)2The equation is expressed1as:
i=(1+2.5p)r5 Eq7
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where 11 is the viscosity of the filled polymer, r is the viscosity of unfilled polymer, and
p is the volume fraction of the filler. Unfilled PETI GRC-A flows as a Newtonian fluid
from above the melting point up to 315 °C, before it begins to cure, thus the Einstein
equation can predict the behavior that zeolites will have on the resin’s melt rheology
acting purely as a filler. The complex viscosity predicted by the Einstein equation were
compared to the temperature sweep (5 °C/min) experimental rheology experiments for
GRC-A dry-mixed with zeolites L and Y, and are given in Tables 17 and 18. The values
of complex viscosity for the neat resin and resinlzeolite mixtures were recorded at 300
°C. This temperature was below the temperature of minimum viscosity for the neat resin
and the resinlzeolite mixtures and all samples had been exposed to the same time
temperature history. The density of the PETI GRC-A was found to be. 1.00 g/cm3 and
the densities of zeolite L and Y were reported to be 0.62 g/cm3 and 0.48 g/cm3,
respectively.’3
Table 17. Observed and calculated viscosity values for GRC-A and GRC-A/zeolite L
mixtures.
Weight Volume 11 @ 300 °C Calculated
Percent, (%) Fraction, (p)
0.0 0.00 0.60 -
0.5 0.00805 0.91 0.61
1.0 0.0161 1.12 0.62
2.0 0.0319 1.21 0.64
4.0 0.0631 1.31 0.69
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Table 18. Observed and calculated viscosity values for GRC-A and GRC-A/zeolite Y
mixtures.
Weight Volume 11 @300 °C Calculated
Percent, (%) Fraction, (q) U
0.0 0.00 0.60 -
0.5 0.0104 0.78 0.61
1.0 0.0208 0.81 0.63
2.0 0.0411 0.91 0.67
4.0 0.0805 0.87 0.72
The Einstein equation does not fit the observed data well for GRC-A/zeolite L
mixtures. The equation is predicting values that are far below the experimental data by as much
as 47%. However, the equation does correlate fairly well for QRC-A/zeolite Y mixtures as.
Large variations between the experimental data and the equation, as in the case with the
GRC-A/zeolite L mixtures, could be attributed to hydrodynarnic interactions between the
zeolites particles. Thus an extension of the Einstein equation was developed to take into
consideration of the hydrodynamic interactions between particles that are in close
proximity to one another.’4 Illustrated in Equation 8, the Einstein equation is extended
to:
n(1+2.5p+6.2P)ii Eq8
This equation has been shown to account for filler interactions up to p = 1.154 Tables 19
and 20 gives the predicted viscosities by the extended Einstein equation, along with the
experimental data. Consequently, this equation did not predict any better than the
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Einstein equation. However, both equations do support the experimental data, in that the
melt viscosity increases with increasing filler concentration.
Table 19. Observed and calculated viscosity values for GRC-A and GRC-A!zeolite L
mixtures.
Weight Volume Ti @ 300 °C Calculated
Percent, Fraction, (q) q
0.0 0.00 0.60 -
0.5 0.00805 0.91 0.61
1.0 0.0161 1.12 0.62
2.0 0.0319 1.21 0.64
4.0 0.0631 1.31 0.70
Table 20. Observed and calculated viscosity values for GRC-A and GRC-Alzeolite Y
mixtures.
Weight Volume ‘i @300 °C Calculated
Percent, (%) Fraction, (q) TI
0.0 0.00 0.60 -
0.5 0.0104 0.78 0.61
1.0 0.0208 0.81 0.63
2.0 0.0411 0.91 0.66
4.0 0.0805 0.87 0.74
The effect of filler on the modulus is proportional to that of the viscosity, and can
also be represented by the Einstein equation, with the viscosity in terms replaced by
modulus terms. The Guth-Gold model, relates the effects of fillers on the modulus of
polymeric materials, by enabling the ability to obtain the stiffening effect within the
polymer.’56 Below, the Guth-Gold model is expressed as:
E = (1 + 0.67gp + 1.62 (gp))E Eq 9
where E is the modulus of the filled polymer, E is the modulus of the unfilled polymer,
and g is the geometric factor. The geometric factor is applied to account for the fact that
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filler aggregate structure could affect the stiffness, and represent initially by the ratio of
length to the width of the filler aggregate. Typically, g is used as a fitting parameter, and
has values between 4 and 10, but for this study, the aspect ratios for zeolites L and Y
were measured to be 2.0 and 1.5, respectively. Using the Guth-Gold equation, the
predicted values of the initial modulus of the unfilled polymer and filled polymer was
obtained at 3 00°C as well, and compared to the experimental data for GRC-A dry-mixed
with L and Y. The values are given in Tables 21 and 22.
There was not a good correlation between the experimental data and the Guth
Gold model for the GRC-A/zeolite L mixtures. The experimental data demonstrated that
zeolite L was having a much lesser stiffening effect on GRC-A than zeolite Y.
According to the model, the modulus should increase with increasing loading of zeolite
L, but the data showed that zeolite L is retarding the cure. However, the modulus for
GRC-A loaded with zeolite Y was greater than the modulus for both the neat resin and
for the GRC-Alzeolite L mixtures. This supports already previous data, indicating that
the catalytic properties of zeolite Y results in the formation of the network to happen
faster, by catalyzing the curing the phenylethyny end-groups.
Table 21. Modulus of unfilled GRC-A normalized against GRC-A filled with zeolite L
dry-mixed with zeolite L
____________ __________________








Table 22. Modulus of unfilled GRC-A normalized against GRC-A filled with zeolite Y
dry-mixed with zeolite Y
_____________ ___________________







4.15 Differential Calorimetry Studies (DSC) of GRC-A with Zeolite L and Y
DSC studies were conducted on a TA Instruments Q 2000 to measure the cure
reaction progress of neat GRC-A and GRC-A resin loaded with zeolites via dry mixing,
by detecting the heat given off by the exothermic chain growth and cross-linking
reactions. The influence of the zeolites on the cure reaction progress of GRC-A was
examined to determine the effect that these additives on the onset of cure, the heat of
reaction, AH. glass transition temperatures, Tg, and cure kinetics.
4.16 Effect of Zeolite L on the Cure Reaction of GRC-A
In this study we determined the onset of cure and glass transition temperature of
GRC-A and GRC-A loaded with L and Y. Figure 50 top curve shows heat flow as a
function when GRC-A is heated in the DSC at 5 °C/min. The exotherm starting at —330
°C at a heating rate of 5 °C/min up to 450 °C (upper curve) is due to the curing of GRC
A. The sample was then cooled at 15 °C/min and reheated at 20 °C/min, to obtain the
cured T0 of 223 °C (lower curve). Figure 51 exhibits exotherm peaks for the neat resin
and the resin filled with zeolite L. Table 23 gives the temperatures for the onset of cure
and Tgs for neat GRC-A and GRC-A loaded with zeolites L. The data show that the
incorporation of the zeolites increases the temperature for the onset of reaction for the
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curing of GRC-A. Figure 52 shows the heating curves for the cured GRC-A and GRCA
loaded with zeolite L and exhibit the Tgs. It was found that onset of cure and the cured
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Figure 51. DSC of neat GRC-A and GRC-A loaded with 0.5, 1.0, 2.0, and 4.0 wt%
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Figure 52. DSC showing the Tg for neat GRC-A and GRC-A loaded with zeolite L,
conducted with a hearting rate 20°C/mm.
Table 23. The Onset of cure and Tg for unfilled GRC-A and GRC-A filled with zeolite L
Onset of Cure (°C) Tg (°C)
GRC-AAs-Received 331.± 1.8 223.± 1.1
GRC-A/0.5 wt% -L 336. ± 2.1 227. ± 1.2
GRC-AJ1.0 wt% -L 340. ± 2.3 229. ± 1.5
GRC-A/2.0 wt% -L 344. ± 2.1 234 .± 1.3
GRC-A/4.0 wt% -L 347. ± 2.4 236 ± 1.7
4.17 Effect of Zeolite Y on the Cure Reaction of GRC-A
Figure 53. DSC curves for neat GRC-A and GRC-A loaded with 0.5, 1.0, 2.0, and 4.0
wt% zeolite Y via dry-mixing, conducted at 5°C/mm.
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DSC studies were conducted on the GRC-A loaded with zeolite Y to examine the
effect of the zeolite on the cure reaction and the cured Tg (figures 56 and 57,
respectively). Table 24 gives the corresponding temperatures for the onset of cure, and
cured Tgs. In contrast to zeolite L, zeolite Y lead to a decrease in the temperature for the
onset cure and also resulted in increased cured Tgs, with the Tg of GRC-A filled with
zeolite Y. The Tg of the cured GRC-A with zeolite Y are greater than 40 degrees higher






















Figure 54. DSC of the cured GRC-A and GRC-A loaded with 0.5 — 4.wt % zeolite Y,
conducted at 20°C/mm.
Table 24. The Onset of Cure and Cured Tg for unfilled GRC-A and GRC-A filled with
zeolite Y
Onset of Cure (°C) Tg (°C)
Neat GRC-A 331. ± 1.8 223. ± 1.1
GRC-AI0.5 wt% zeolite Y 329. ±. 1.9 273. + 1.4
GRC-A11.0 wt% zeolite Y 324. ± 2.1 274. + 1.2
GRC-A/2.0 wt% zeolite Y 325. ± 2.0 275. ± 1.3
GRC-A14.Owt%zeoliteY 325.± 1.9 277.± 1,4
Figure 55 gives a comparison of the DSC curing curves for GRC-A with 0.5. 1.0,
2.0 and 4.0 wt% percent loadings of zeolite L and Y. The curing curves clearly show that
zeolite Y leads to a lower temperature for the onset of cure and a larger exotherm for
curing, indicating a higher level of cross linking than occurs with the corresponding
E lip Temperature (‘C) UnerI VU PA TA Ir,ft
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GRC-A/zeolite L mixtures. Table 25 summarizes the integrated heat of reaction for the
cure, AH, for GRC-A loaded with zeolite L and Y. The larger AH, and higher cured Tg











Figure 55. Comparison of AH. with a heating rate of 5 °C/rnin for GRC-A loaded with
zeolites L and Y: a) 0.5 wt%, b) 1.0 wt%, c) 2.0 wt%, d) 4.0 wt%
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Table 25. Values of AHR for neat GRC-A and GRC-A loaded with L andY.
HR (Jig)
Neat GRC-A 138. ± 1.6
GRC-AI0.5 wt% zeolite L 99. ± 3.3
GRC-A/l.0 wt% zeolite L 104. ± 3.1
GRC-A/2.0 wt% zeolite L 105. ± 2.7
GRC-A!4.0 wt% zeolite L 117. ± 2.5
GRC-A/0.5 wt% zeolite Y 160. ± 3.5
GRC-A/1.0 wt% zeolite Y 171. + 3.2
GRC-A/2.0 wt% zeolite Y 185. ± 2.6
GRC-4.0 % zeolite Y 184. ± 2.8
4.18 Activation Energy for the cure of GRC-A with zeolite L — Isothermal Tests
IDSC is extensively used in the determination of kinetic parameters and kinetic
equations for the curing of thermosets. In the development of cure kinetic studies, DSC
measures the rate of heat generated (dQ/dt) during a chemical reaction. The basic
assumption in DSC kinetic measurements is that the change in heat flow is proportional
to the change in extent of reaction, or degree of conversion a, as a function of time. That
is,
dQ,”dt da/dt Eq 9
There are two experimental techniques of DSC measurements for thennoset
reactions; isothermal and variable varying heating rates. In an isothermal test, the rate of
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energy released is measured at a constant temperature for a period of time. However, one
major assumption with this test is that the total heat of reaction can be determined
accurately, and that all the reactions contributing to the overall reaction have the same
enthalpy. Isothermal DSC studies have been used to investigate the cure kinetics of
several PETI systems, similar to GRC-A. In this study, isothermal tests were conducted
at 285, 300, and 315 °C for 4 hon dry mixed samples of neat GRC-A and GRC-A loaded
with zeolite L. Figure 56 gives the isothermal DSC curves for neat GRC-A as function of
time. The DSC data demonstrates that as the temperature increases, the peak height and
peak area increase as the degree of conversion increases. As the peak maximum occurs
close to t = 0 and there appears to be no induction time for the reaction and it is assumed
that the reaction follows th order kinetics. Table 19 gives the rate constants for the





Figure 56. DSC thermograms for neat GRC-A as a function of time at 285, 300 and 315
oc.
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Table 26. Kinetic Analysis of the Thermal Cure Reaction Progress of PETI GRC-A by
Isothermal DSC
T (°C) 1/T(K) Rate (us) in rate
315 0.001701 0.179 -1.72
300 0.001745 0.073 -2.61
285 0.001792 0.044 -3.12
IT
-1











Figure 57. Arrhenius fit of in k of versus l/T for Neat GRC-A
Table 27 gives the apparent activation energies and the order of reaction for the
cure of neat GRC-A and GRC-A loaded with zeolites L. The data indicates that the
activation energy increases with increasing loadings of zeolite L.
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Table 27. Apparent activation energies EA, and reaction order for the cure of neat GRC
A and GRC-A loaded with zeolite L
Ea, kJ/mol Reaction Order Linear Regression
Isothermal (n)
NeatGRC-A 127±1.8 1.51±0.10 0.987±0.010
0.5 wt% - L 130. ± 2.1 1.57 ± 0.12 0.965 ± 0.011
1.0 wt% - L 135. ± 2.2 1.60 ± 0.12 0.986 ± 0.010
2.0 wt% - L 141. ± 2.4 1.58 ± 0.12 0.976 ± 0.011
4.0 wt% L 147. ± 2.3 1.57 ± 0.11 0.977 ± 0.011
4.19 Determination of the Activation Energy of GRC-A with zeolite L via the
Ozawa-Flynn-WaIl method
Due to equipment limitations encountered during the isothermal tests, such as,
loading of the sample pans into the DSC furnace and long exposure of the sample pans to
air before the system reached equilibrium, and initiation of data collection, an alternative
method was utilize for obtaining the activation energy of the cure for GRC-A and GRC
Alzeolite. The Ozawa-Flynn-Wall method, ASTM E 698-05, was developed to examine
the cure kinetics of thermosetting resins.122 The ASTM method is based on the change in
the exothermic peak size and peak temperature at variable heating rates, usually between
1 and 10°C/mm. Two assumptions are made when using this method: 1) the extent of
the reaction is equivalent at equivalent peak partials area (e.g. at 10% peak area
corresponds to 10% of the reaction regardless of the heating rate), and 2) the extent of






Figure 58. DSC thermograms for neat GRC-A conducted
and 9 °C/min.
at heating rates of 3, 5, 7,
Table 28. Kinetic Analysis of PETI GRC-A obtained by DSC-ASTM method
Peak Temperature lIT (K) heating Rate, In 1
(°C) (°C/min)
361. 0.001576 3.0±0.1 1.10
372. 0.001551 5.0±0.1 1.61
378. 0.001535 7.0±0.1 1.94
383. 0.001525 9.0 ± 0.1 2.20
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The method requires measuring DSC curves at four different heating rates, usually
3, 5, 7, and 9 °C/min. Then temperatures at which the peak maxima (---50% of the
reaction) are plotted as a function of their respective heating rates, and then an Arrhenius
plot can be constructed and the activation energy obtained. Figure 58 shows the DSC














Figure 59 demonstrates a linear fit of the kinetic analysis for neat GRC-A. An analogous
linear fit was obtained for the filled systems. From the slope of the plot, EA was
estimated according to the equation below:
Ea = -[d(logoj3/d(1/T)]R * 2.303 eq 10
where f3 is the heating rate Klmin; T is the peak temperature in K, and R is the gas the
constant, 8.3 145 J/mol K’. Using the ASTM method, the observed activation energies
for GRC-A loaded zeolite L was found to increase relative to the neat resin, in agreement
with the isothermal studies. The activation energies for GRC-A loaded with zeolite Y
decreased relative to both neat GRC-A and GRC-A/zeolite L mixture in agreement with
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Figure 59. Arrhenius fit of ln of versus 1/T for Neat GRC-A
82
Table 29. Apparent activation energy for the cure of neat GRC-A and GRC-A loaded
with zeolite L via the ASTM methoda
Ea, kJ/mol Linear Regression
Ozawa-Flynn-WaII
NeatGRC-A 141.±1.5 0.995±0.005
GRC-A10.5 wt% zeolite L 155. ± 4.6 0.995 ± 0.005
GRC-A/1.0 wt% zeolite L 171. ± 3.7 0.989 ± 0.009
GRC-A/2.0 wt% zeolite L 187. ± 3.2 0.995 ± 0.005
GRC-A/4.0 wt% zeolite L 194. ± 3.3 0.998 ± 0.005
a Reaction order of 1 is assumed for this method.
Table 30. Apparent activation energy for the cure of Neat GRC-A and GRC-A loaded
with zeolite Y obtained via ASTM methoda
Ea, kJ/mol Linear Regression
Ozawa-Flynn-Wall
NeatGRC-A 141.±1.5 0.995±0.005
GRC-A/0.5 wt% zeolite Y 123. ± 4.1 0.989 ± 0.006
GRC-A/1.0 wt% zeolite Y 126. ± 3.5 0.998 ± 0.006
GRC-A12.0 wt% zeolite Y 127. ± 3.2 0.988 ± 0.009
GRC-A14.0 wt% zeolite Y 128. ± 3.3 0.987 ± 0.009
4.20 The Effect of Cure Temperature and Zeolites
Temperature after Isothermal Studies
After each of the isothermal DSC experiments described above, the samples were
rapidly cooled to room temperature, and then reheated at 20 °C/min to determine the
on the Glass Transition
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cured Tg and residual cure if any of the resin. Figures 60 show the result of this reheating
on the GRC-A samples, clearly indicting that the resin was not completely cured at the
end of the isothermal run, as indicated by the reduction in cure Tg and the observation of
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Figure 60. DSC thermograms for neat GRC-A after a 4 h isothermal hold at 285, 300,
and 315 °C.
As expected for a thermoset, the residual cure of GRC-A decreases and the cured Tg
increased as the temperature of the isothermal hold was increased. Similar results were
found for GRC-A loaded with 0.5 and 4 wt% zeolite L and Y as is shown in Figure 61
after isothermally treatment at 285 °C and 315 °C. It was observed that the Tg for the
neat resin and GRC-A loaded with 0.5 wt% zeolite L are similar, while the Tg for GRC-A
loaded with Y is slightly higher after a 4 h hold 285°C. When the resin loaded with 4.0
wt% zeolite L and held at 285 °C for 4 h the Tg decreased relative to the neat resin as








°C for 4 h. In both systems. residual cure was observed, with more residual cure found in
the GRC-A zeolite Y mixture. This could be interpreted in two ways; either the zeolite
L is retarding the cure relative to neat GRC-A or the zeolite Y catalyzes additional cure
steps that are not available to the neat GRC-A at these temperatures. All of our data
support the latter explanation.
In a similar study, neat GRC-A and GRC-A with 0.5 and 4.0 wt% loadings of
zeolite L and Y was cured at 315 °C for 4h, to determine if there would be any residual
cure at this temperature. The data showed that curing GRC-A with similar loadings of
zeolite Y for 4 h at 315 °C resulted no residual cure. The results gave cured similar Tgs,
ranging from 220 — 223 °C neat GRC-A and GRC-Alzeolite L mixtures. However, the
Tg was substantially higher for GRC-A/zeolite Y mixtures, yielding a cured Tgs at 277
see Figure 62. Table 31 summarizes the Tgs after the isothermal hold at 285 °C and
315 °C for 4 h for the neat GRC-A and GRC-A loaded with 0.5 wt% and 4 wt% zeolite L
andY.
Table 31. The onset of cure for GRC-A, and Tg and GRC-A filled with 0.5 and 4.0 wt%
zeolite L and Y.
r 285 °C 4 h hold 315 °C 4 h hold
Tg(°C) Tg(°C)
Neat GRC-A 167. 223.
GRC-A/0.5 wt% zeolite L 165. 221.
GRC-AI0.5 wt% zeolite Y 173. 277.
GRC-A/4.0 wt% zeolite L 160. 223.
GRC-A/4.0 wt% zeolite Y 178. 277.
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Figure 61. DSC thermograms for neat GRC—A, and GRC-A loaded with a) 0.5 wt% and
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Figure 62. DSC thermograms for neat GRC-A and GRC-A loaded with a) 0.5 and b) 4.0
wt% L and Y, after 4 h isothermal hold at 315 °C.
4.21 Extent of Reaction of PETI GRC-A with Zeolites L and Y
Many equations have been developed to model the relationship between Tg and
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most successful models. was modified to calculate the extent of reaction by determining




where Tgo and TgaD represent the glass transition temperature before cure and after full
cure, respectively.’5 Tg is the glass transition temperature after isothermal cure at each
temperature for a specified cure time, and X is equal to the ratio of isobaric heat capacity
of fully cured material, AC, to that of uncured material, AC0. The isobaric heat
capacities were determined by DSC through the glass transition at a heating rate of
5°C/mm under a nitrogen atmosphere. Even if the selected Tgcx does not correspond to
the theoretically ideal fully cured state, the extent of cure, x, is still valid for kinetic
analysis according to the modified DiBenedetto equation. In this case, Tg, X, and x, are
substituted by T4, X, x’ respectively, where TgM represents the Tg of a network, X’ is the
ratio of ACM to AC0, and x’ refers to xIxM, the relative extent of reaction . Table 32
gives the values for Tgo, Tg, Tg and X.
Table 32. Values given for the glass transition temperatures before and after cure, after
isothermal cure, and the ratio of the isobaric heat capacity for neat GRC-A and GRC-A
with zeolites L.
285 °C Tg 300 °C Tg 315 °C Tg Tgo Tco
Cured GRC-A 167. 191. 220. 137. 225. 0.61
[ GRC-A/0.5wt%-L 165. 184. 221. 136. 231. 0.59
GRC-A/1.Owt%-L 162. 182. 222. 139. 230. 0.61
GRC-A/2.Owt%-L 159. 182. 222. 137. 236. 0.58
GRC-4.O%-L 160. 174. 223. 138. 237. 0.58
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Using the DiBenedetto equation, we found that when GRC-A was loaded with
either zeolites L or Y, the extent of cure of GRC-A is affected differently. Table 33 gives
the extent of cure of GRC-A loaded with L, and Figure 63 shows the relationship
between the extent of cure and isothermal temperatures. The data shows that presence of
zeolite L reduces the extent of cure of GRC-A, especially at 285 °C and 300 °C.
However, at 315 °C the extent of cure of neat GRC-A and GRC-A with zeolite L are
nearly the same with the neat GRC-A is slightly higher.
Table 33. Extent of cure of neat GRC-A and GRC-A loaded with zeolite L obtained via
DiBenedetto Equation
Extent of Cure, x 285 °C 300 °C 315 °C
Neat GRC-A 46 % 65% 96%
GRC-A/O.Swt%L 43% 63% 93%
GRC-A!l.0 wt% L 36% 60% 91%
GRC-A12.Owt%L I 59% 91%
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Figure 63. Relationship between extent of cure and the isothermal temperature cure for
neat GRC-A and GRC-A loaded with zeolite L
Table 34 gives the values of Tg0, Tgco, Tg and 2 and Table 35 gives the extent of
cure for GRC-A and GRC-A with zeolite Y at 285, 300, and 315 °C. Figure 64 shows
the relationship between the extent of cure and isothermal cure temperatures for the resin
loaded with zeolite Y. The data show that zeolite Y not only catalyzes the cure of GRC
A. but also increases the extent of cure relative to neat GRC-A and GRC-A with zeolite
L.
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Table 34. Values given for the glass transition temperatures before and after cure, after
isothermal cure, and the ratio of the isobaric heat capacity for neat GRC-A and GRC-A
with zeolites Y.
285°CTg 300°CTg 3l5°CTg Tgo T
Cured GRC-A 167. 191. 224. 137. 225. 0.61
GRC-A/0.5 wt%-Y 173. 246. 277. 136. 274. 0.49
GRC-A/l.0 wt%-Y 178. 245. 276. 136. 275. 0.50
GRC-A/2.0 wt%-Y 178. 245. 277. 136. 275. 0.49
GRC-A/4.0 wt%-Y 178. 245. 277. 136. 277. 0.49
Table 35. Extent of cure for neat GRC-A and GRC-A loaded with zeolite Y obtained as
determined by the DiBenedetto Equation
Extent of Cure, x 285 °C 300 °C 315 °C
Neat GRC-A M% 73% 96%
GRC-A/0.5 % - Y 47% 87% 100%
GRC-A/1.0%-Y 46% 88% 101%
GRC-A/2.0 wt% - Y 47% 86% 100%
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Figure 64. Relationship between extent of cure and isothermal cure temperature for neat
GRC-A and GRC-A loaded with zeolite Y
4.22 Glass Transition Temperature of GRCA loaded with Different and Modified
Fillers
As received zeolite L and Y, and cured GRC-A were ground in a Wig-L-Bug for 5 -
7 mm to obtain small particles, before incorporating them into the GRC-A resin. These
small particles of zeolite L and Y and cured GRC-A were incorporated in to GRC-A by
dry mixing as described above and then cured in the DSC with a heating rate of 5 °C/min
to determine on the onset of cure, heat of reaction. Subsequent to the cure cycle the
samples were reheated in the DSC at 20 °C/min to determine the Tg. The data generated
in these experiments are presented Table 36.
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Table 36. The glass transition temperatures of GRC-A with ground zeolite L and Y, and
ground cured
r Onset of AHR (Jig) Tg (°C)
[ Cure (°C)
GRC-AI0.5 wt% ground zeolite L 333. 97. 221.
GRC-A/4.0 wt% ground zeolite L 338. 110. 226.
GRC-AI0.5 wt% ground zeolite Y 335. 147. 255.
GRC-A/4.0 wt% ground zeolite Y 336. 153. 258.
GRC-A!O.5 wt% ground cured GRC-A 329. 135. 278.
GRC-A/4.O wt% ground cured GRC-A 332. 139. 290.
The data in Table 36 show that glass transition temperatures for GRC-A with
ground zeolite L and Y decreased, when compared to GRC-A loaded with as received
zeolite L and Y. This could be due to the effect that the grinding has on the structure of
the zeolite. Figure 65 gives SEM images of ground zeolite L and shows that the structure
of zeolite were crushed and flattened during grinding process.
Figure 65. SEMs of zeolite L that had been grounded; magnified 20 and 50 times.
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We assumed that the ground cured GRC-A would be inert and only slow the rate of
cure based upon the increased viscosity of the resin filler system. The rheology of cure,
as shown in Figure 66 and the heat of cure AH, determined by DSC fit well with this
assumption. Interestingly, it was observed that the Tg increases significantly when
ground cured GRC-A was incorporated into GRC-A. The assumption is that the ground
cured GRC-A is undergoing additional curing that can affect the overall curing of the
resin, thereby increasing the total cure Tg of the GRC-A composite.
1 OOO.
O,1D00
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Figure 66. Complex viscosity, r, as a function of temperature for neat GkC-A, and
GRC-A with 0.5 and 4.0 wt% ground cured GRC-A.
4.23 Thermogravimetric Analysis (TGA) of cured GRC-A with Zeolite L
The incorporation of fillers into polymers, can improve their therrnooxidative
stability, by slowing the thermal oxidation and thermal degradation process, due to
lowering the diffusivity of gases into composites.58 Previous TGA studies have shown
that the presence of fillers, including, but not limited to carbon nanotubes (CNT5),
polyhedral oligbmeric silsesquioxane (POSS), silica, and clay in polymeric materials
94
improve the thermooxidative properties, including flame retardation, ablation resistance,
and enhanced barrier properties.’56’8Pielichowski et al. observed that the addition of
montmorillonite clay to polymeric materials acted as a diffusion barrier to oxygen,
resulting in delaying the thermal of decomposition.’9 Alexandre and Dubois
demonstrated that intercalated and exfoliated structures of clays increased the thermal
stability of the polymer/clay nanocomposites.’6°
4.24 Apparent Activation Energy for the Decomposition of the Cured GRC-A, and
Cured GRC-A with of Zeolites L under Air and Nitrogen
The thermooxidative stability of cured GRC-A, and GRC-A loaded with zeolites
L was examined up to 900 °C. The weight loss at moderate temperatures may arise from
the evaporation of residual moisture or low molecular weight components.4’However, at
higher temperatures, the weight loss results from polymer degradation or oxidation.
These types of decomposition can be measured as a function of temperature and time. In
this study, the apparent activation energy for thermal oxidative degradation were studied
using the ASTM method, E 1641-07 at 3, 5, 7, 9 °C/min in air and nitrogen.’6’ An
Arrhenius plot was constructed by taking the logarithm of the heating rates versus inverse
of temperature at constant conversion to determine the apparent activation energy, Ea, of
decomposition using the following equation:
d(logl3)
E
= TJ *R Eqlla 0.457
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where d(log J3)/d(1/T) is the slope of the line obtained, 13 is heating rate in Kimin, T is the
temperature (K) at the constant conversion, and R is the gas constant, 8.314 J/mo1K.
Figure 67 gives thermograms for cured GRC-A measured at 3, 5, 7, 9 °C/min in air.
Table 37 gives the temperatures at 5% conversions for each of the respective heating
rates, and Figure 68 shows the corresponding Arrhenius plot. In table 38, the apparent
activation energy of thermal oxidation was calculuated for 5% and 10% conversion for
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Figure 67. Thermograms for GRC-A, at heating rates of 3, 5, 7. and 9 °C/min under air
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Table 37. Temperatures of 5% conversion of cured GRC-A under air, and the
corresponding heating rates.
I (K) 1IT(K) (KJmin) log (KImin)
749 0.001335 3.0±0.1 0.477
763 0.001310 5.0±0.1 0.699
768 0.001301 7.0 ± 0.1 0.845
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Figure 68. Arrehenius plot for the thermal oxidation of cured GRC-A vs. inverse
temperature, at the 5 % weight loss in air.
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Table 38. The apparent activation energy, Ea, for the thermal oxidation of cured GRC-A
and GRC-A loaded with zeolites L and 5% and 10 % weight loss in air.
Sample/conversion 5% (kJ/mol) 10% (kJ/mol)
NeatGRC-A 189.±5.7 181.±5.1
GRC-A with 0.5 wt% zeolite L 242. ± 10.3 227. ± 9.7
GRC-A with 1.0 wt% zeolite L 256. ± 8.1 236. ± 8.8
GRC-A with 2.0 wt% zeolite L 312. ± 7.8 278. ± 8.1
GRC-A with 4.0 wt% zeolite L 375. ± 6.2 322. ± 7.3
The apparent activation energy for the decomposition for cured GRC-A loaded
with zeolite L in air increased with increasing loading of the zeolite. This increase in the
apparent activation energy demonstrates how the zeolites can retard the thermal oxidation
by decreasing air permeability. Figure 69 gives the corresponding thermograms the for
cured GRC-A under nitrogen, Table 39 gives the temperatures at 5% weight loss, and
Figure 70 gives the corresponding Arrhenius plot. Table 40 gives the apparent activation











Figure 69. Themograrns of cured GRC-A at 3, 5, 7, and 9 °C/min under nitrogen.
Table 39. Temperatures for 5% conversion of cured GRC-A and the corresponding
heating rates
T (°C) 1/T(K) (KJmin) log (KImin)
744 0.001344 3 0.477
779 0.001284 5 0.699
787 0.001271 7 0.845
797 0.001255 9 0.954
• 3 c;rC
•7 CjC))n






JI (K nthi) 0,6
+ LoRHeating Rato




0.00125 0.00126 0.00127 0.00126 0.00129 0.0013
IT
Figure 70. Arrehenius plot for the thermal degradation of cured GRC-A vs. inverse
temperature, at the 5 % weight loss in nitrogen.
Table 40. The apparent activation energy, Ea for thermal degradation of cured GRC-A
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4.25 Dynamic Mechanical Thermal Analysis (DMTA) Studies of GRC-A and GRC
A loaded with Zeolite L and Y
Dynamic Mechanical Thermal Analysis (DMTA) was used to measure the storage
modulus, G, and loss modulus, G” for cured plaques of GRC-A and GRC-A loaded with
zeolite L and Y. The storage modulus measures the stored energy, representing the
elastic portion, and the loss modulus measures the energy dissipated as heat, representing
the viscous portion when a material is subjected to deformation in response to an applied
strain. Together, they make up the complex modulus G*, which was discussed earlier in
section 4.4. Tan delta () is the ratio of the loss modulus to the storage modulus, and can
be used to measure the glass transition of composites. Fillers have been extensively used
in polymers to enhance stiffness, strength, toughness, and energy dampening.1’ These
particular properties of the filled polymers are determined by the properties of the
components, by the shape of the filler phase, by the morphology of the system, and the
polymer-filler interfacial interactions. The overall value of fillers is a complex function
of its intrinsic material characteristics, such as average particle size, particle shape,
intrinsic strength, and chemical composition. Process dependent factors, such as
distribution, surface chemistry, particle agglomeration, and bulk density also make
important contributions to the filled polymer properties.
The incorporation of nanoscale fillers (on the order of 1 0 m) into polymers,
including PETI resins, has been shown to enhance the properties of the resulting
composite. Nanoscale fillers can yield dramatic changes in material properties because
of their large surface area for a given volume. For example, carbon nanotubes have
excellent good mechanical properties that are often translated into the overall
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performance of the resulting composites, and nanoclay filled polymeric systems have
been reported to exhibit a 30% increase in modulus and strength.’62’4 We have carried
out DMTA studies on neat resin plaques of GRC-A and GRC-A loaded with zeolites L
and Y.
DMTA measurements were carried out as per ASTM method D 5279156 using TA
Instruments AR G2 with a sinusoidal deformation. Rectangular ompo site specimens
with dimensions of 30 x 6.5 x 3.5 mm were gripped longitudinally between two clamps.
Then the specimen was subjected to a mechanical torsional displacement at a fixed
frequency of 1 Hz and a controlled strain of 0.5 %, with a linear increase in temperature.
Measurement were made of G’ and G as function temperature, see Figures 71 and 73.
4.26 The Effect of Zeolite loading on Storage Modulus
Figure 71 shows the elastic modulus of the GRC-A!zeolite L composites plotted
as a function of temperature. Table 41 gives the values for G’ taken at temperatures
below and above the Tg from 50 °C to 325 °C and Figure 72 shows the plot of those
values of G’ versus the temperatures form 50 °C to 325 °C. The data obtained from the
DMTA studies showed that zeolite L improved the storage modulus of the final
composite at the temperatures below the Tg, however, as the temperatures increased the
presence of the zeolites did not afford any additional advantages. Basically at
temperatures above the Tg, the GRC-A filled composites were behaving similar to that of
unfilled cured GRC-A composite. The conjecture could be made that at temperatures
below the Tg, the zeolites are trapped within the composite structure, possibly filling any
voids or cracks, thereby improving upon mechanical properties of the composite.
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Figure 71. Storage modulus, Q of cured GRC-A and cured GRC-A with 0.5. 1.0, 2.0
and 4.0 wt% L as a function of temperature with a heating rate of 5 °C/min.
Table 41. G’ at temperatures before and after the Tg for GRC-A/zeolite L composites.
Temperature Neat 0.5 wt% 1.0 wt% 2.0 wt% 3.0 wt%
(°C) x109 x109 x109 x109 x109
50 1.47 1.58 1.57 1.61 1.75
75 1.36 1.50 1.46 1.44 1.57
100 1.22 1.36 1.33 1.30 1.44
125 1.11 1.25 1.22 1.20 1.32
150 1.01 1.16 1.13 1.11 1.23
175 9.47 1.08 1.06 1.04 1.16
200 8.78 1.00 9.81 9.60 1.07
225 7.92 8.96, 8.84 8.44 9.49
250 6.26 6.74 6.87 6.19 7.33
275 2.14 1.73 2.31 1.92 2.40
300 2.26 1.80 2.53 2.30 2.86
325 9.70 7.89 8.34 8.30 9.71
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However, as the temperature increase beyond the Tg, the composite becomes flexible
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Figure 72. Storage modulus, G’, of the plaque composites versus temperature for GRC-A
and GRC-A/zeolite L composites.
4.27 The Effect of Zeolite loading on the Loss Modulus
The loss modulus, G”, which measures the amount of energy dissipated,
demonstrates the liquid-like behavior of the complex modulus. Figure 73 shows the plot
of the loss modulus of the filled and unfilled GRC-A composites. Table 42 gives the
values for G” taken at temperatures below and above the Tg, from 50 °C to 300 °C.
Figure 74 shows the plot for the values of G” versus temperature from 50 °C to 300 °C.
The plot indicates that the presence of the zeolite L slightly increases the loss modulus.
Also, results between GRC-A/zeolite mixtures with 4wt% L and Y, showed that the
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Figure 73. The loss modulus, G’, of cured GRC-A and cured GRC-A loaded with 0.5.
1.0, 2.0 and 4.0 wt% zeolite L as a function of temperature with a heating rate of 5
°C/rnin
Table 42. G” at temperatures before and after the Tg. for GRC-A/zeolite L composites.
Temperature Neat 0.5 wt% 1.0 wt% 2.0 wt% 3.0 wt%
(°C) x 10 x i09 x x x i09
50 2.41 2.32 2.42 2.43 2.44
75 4.41 4.54 4.26 4.03 4.85
100 5.30 5.22 5.13 5.10 5.68
125 5.04 4.82 4.87 4.93 4.85
150 4.23 3.91 3.99 3.92 4.18
175 3.33 3.40 3.25 3.46 3.42
200 3.04 3.19 3.02 3.31 3.18
225 3.45 3.85 3.61 3.88 4.02
250 5.44 6.61 5.98 6.76 6.64
275 7.57 7.55 8.18 7.54 8.59
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Figure 74. Loss modulus, G”of the placque composites versus temperature for GRC- A
and GRC-Alzeolite L composites
A comparison between the resin loaded with 4 wt% zeolite L and the resin loaded
with 4 wt% zeolite Y, showed that zeolite Y did not increase the storage modulus relative
zeolite L; see Table 43 and Figure 75. Moreover, the data showed that the storage
modulus for the composite with zeolite Y was lower than the storage modulus for the
composite with zeolite L at 4wt% loading. Despite the fact that zeolite Y catalyzes the
cure reaction of the phenylethynyl end groups, which led to higher cure Tgs of the resin
powder; this however, did not translate into additional improvement in the storage
modulus relative to the resin loaded with zeolite L.
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Table 43. Values of the G’ recorded at temperatures below and above the Tg for GRC
A/zeolite 4.0 wt% L and Y mixtures.
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Figure 75. Storage modulus of the composites versus temperature for GRC- A14.0 wt% L
and GRC-A/4.0 wt% Y
4.28 Measuring the Glass Transition Temperature of GRC-AlZeolite mixtures using
Tan Delta
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DMTA was also used to measure the glass transition temperature for the cured
GRC-A composites based on changes in tan delta (6) as a function of temperature. Tan 6
is expressed as:
tan 6 = GIG’ Eq 12
where 6 is the angle between the in-phase and out-of-phase components during an
oscillatory test. Figure 76, illustrates tan delta as a function of temperature for the both
the neat GRC-A and GRC-Alzeolite L cured composites,and giving Table 44 is the Tg of
the composite obtained from the peak of the tan delta curves. Little differnece was
observed in the Tg of the neat and zeolite loded cured compoistes by this method. This
supports the DSC and thermomechanical analysis (TMA) results which showed that the
Tg of the cured composites were also similar, although lower than the Tg obtained from
DMTA, see Table 44. Deviations in the vlaues of Tgs of composites measured in
differint ways are expected85 For comparison, the Tgs the of neat GRC-A and GRC-A
losded with zeolites L and Y were examined, and are shonw in Table 44. The deviations
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Figure 76. Tan 5 of cured GRC-A and cured GRC-A loaded with 0.5. 1.0, 2.0 and 4.0
wt% L.
Table 44. Glass Transition Temperatures for GRC-A and GRC-A loaded with zeolite L
plaque composites obtained by DMTA, DSC, and TMA
DMTA’ DSC2 TMA3
Sample Tg(°C) Tg(°C) Tg(°C)
Cured GRC-A 296. 278. 280.
GRC-A!0.5 wt% zeolite L 295. 279. 279.
GRC-A/1.O wt% zeolite L 296. 280. 279.
GRC-A/2.0 wt% zeolite L 296. 278. 279.
GRC-A/4.O wt% zeolite L 297. 279. 279.
GRC-A/4.0 wt% zeolite Y 298. 278. 277.
‘DMTA heating rate 10 °C/min, 0.05% strain, frequency 1.0 hertz
2DSC heating rate 20 °C/min
3TMA heating rate 3 °C/min, force 0.020 N; via penetration probe
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4.29 Thermomechanical (TMA) Studies and Coefficient of Thermal Expansion
(CTE) of GRC-A and GRC-A with Zeolites
The coefficient of thermal expansion (CTE) is a material property indicative of
the extent to which materials (metals, alloys, polymers, etc) expands upon heating.
Different substances expand by different amounts, depending on the chemical make-up.
Table 45 gives a list of different materials and their corresponding CTEs.’6
Table 45. CTE of various materials
CTE (im/m °C)
Structural Steel 12
Polyarnide — Nylon 6 95
Polyamide — Nylon 6,6 90




Polyimide — 30% Glass 17-53
Fiber_Filled
Polyimide — 30% Carbon 6-47
Fiber_Reinforced
TMA measurements were carried out on composites of GRC-A and GRC-A
loaded with zeolites L on a TA Instruments Q 400. In this study, the thermal expansion
for composites of GRC-A and GRC-A with zeolite L were studied using an expansion
probe The area which the probe covers, detects a change in the material’s dimensions
(jim), as the material expands with increasing temperature. Figure 77 illustrates the
change in dimensions for the unfilled GRC-A composite as a function of time, at a
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heating rate of 3 °C/min. The CTE values were obtained for GRC-A and GRC-Alzeolite
L e composites and are given along with the Tgs in Table 46.
Table 46. The CTE and Tg values for neat GRC-A and GRC-A with zeolites
Expansion Probe CTE (jim! m°C) Tg (°C)
Neat As-Received 64. ± 1.5 276. ± 1.7
0.5 wt% 50. ± 2.3 278. ± 2.2
1.Owt% 54.±2.2 277.±2.1
2.Owt% 54.± 1.9 275.±2.1
4.Owt% 59.±2.1 275.±1.9
Sample: Neat GRC-A File G.\TA Instrumento\TF400\TracytNeat.001
Size: 2.8986 non TMA Operuluc Tracy
Method: Ramp Run Date 08-Sep-09 18.08
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Figure 77. Change in dimensions (jim) of neat GRC-A versus temperature (at a heating
rate 3 °C/min).
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The CTEs obtained from the expansion probe shows an initial decrease in the
thermal expansion, in particularly for GRC-A loaded with 0.5 wt%, but begins to increase
in its thermal expansion as the loadings increase. However the thermal expansion for the
composites loaded with zeolites was still lower than for the cured GRC-A composite..
The data shows that the incorporation of zeolites decreases the amount that the
composites expand upon heating. However, the expansions probe measurements did
reveal that the glass transition temperatures did not increase for GRC-A/zeolites
composites relative to the cured GRC-A composite, but instead remained similar.. These
observations agree with TgS obtained via penetration probe, which was discussed in
section 4.28, and further supports that the presence of zeolites does not afford additional
advantages over the unfilled composite at temperatures beyond the cured Tg.
CHAPTER 5
CONCLUSION
We have found that the addition of nanoporous zeolites to PETI GRC-A, a
phenylethynyl terminated imide resin, alters its melt rheology, cure kinetics, and thermo
mechanical properties. Rheological and DSC studies demonstrated that zeolite L acts as
a filler and retards the cure of the phenylethynyl end-groups, shifting the onset of cure to
higher temperatures. Just the opposite, zeolite Y catalyzes the cure, reducing the
activation energy and shifting the onset of cure to lower temperatures. In this study we
found that the activation energies for the onset of cure and gelation of GRC-A/zeolite L
mixtures are higher than for neat GRC-A. In contrast to this, we found that zeolite L
catalyzes the cure of GRC-A, giving a 10 to 12 % lowering of the activation energy of
cure.
DSC studies also showed that GRC-A filled with zeolite Y had a larger heat of
reaction, AHR, than neat GRC-A, indicating the formation of additional chemical bonds
that do not occur in the uncatalyzed system. The additional cross-linking in the GRC
Alzeolite Y mixtures gave higher postcured Tgs by DSC, but not by DMTA and TMA.
The addition of either zeolites led to improvement in the storage, G’, and loss modulus,
G”. below I, increased the thermooxidative stability of cured composites. and decreased
the coefficient of thermal expansion (CTE) compared to the cured neat composites.
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The reduction in the activation energy of the onset of cure and gelation, the
increase in Tg, as determined via DSC, increase in thermooxidative stability, decrease in
CTE, increase in G’ and G” below Tg by the incorporation of zeolite Y into GRC-A
warrants further study. These further studies could also include other Lewis acid
catalysts, both solid and liquid, and further elucidation of the mode of action.
Optimization of a catalyst for the cure of PETI resins could lead to composites with
improved properties and reduced production costs.
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